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Figure 1.2. A location map of the North Atlantic Igneous Province taken from Fitton et al. (1997). 
The location of the proposed plume centre through time is shown, as are the location of DSDP and 
ODP drill sites. 
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North Atlantic Volcanic Province  
Length of plate boundary 2560 km 
Area covered by extrusives (km2) 1.3* 106 
Volcanic margin volume (km3) 
Extrusive basalt 1.8 *106 
LCB 2 *106 
Igneous crust 
East Greenland basalts (km3) 
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Figure 1.3. A palaeogeographic reconstruction of the North Atlantic at Anomaly 24 (Chron 24r from 
55.904-53.347 Ma, Berggren et al., 1995). DSDP and ODP sites are shown as are the proposed 
plume centre sites of (A) Lawyer and Muller (1994) and (B) White & McKenzie (1989). The British 
Tertiary Province is located on the eastern margin of the proposed plume head. This reconstruction 
assumes that the plume is stationary. 
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Figure 1.4. A seismic tomography image of the present-day Iceland hotspot from Wolfe et al. (1997). 
Both the P-wave model (left hand side) and the S-wave model (right hand side) are shown. Yellow-red 
colours indicate a low seismic velocity. The vertical cross sections (bottom row) are taken along the 
white lines shown. The top diagrams show areas of low seismic velocity that correspond to the 
neovolcanic zone at a depth of 125 km and the middle diagrams at a depth of 300km. The low velocity 
regions seen in cross section (bottom) appear to extend greater than 300 km in depth, but can only be 
resolved to 400 km. 
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Figure 1.5. Major element and trace element variations to the north and south of Iceland (J. G. Fitton, 
unpublished data). Water depth and major element compositions of basalt illustrate the extent of the 
thermal anomaly around Iceland (Fitton et al., 1997). Na and Fe have been normalised to 8 wt% MgO 
values. LaJSm is used suggest the extent of the chemical anomaly away from Iceland. Plume 
components have high LaJSm ratios and ambient upper mantle low ratios. 
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Figure 2.1. A schematic diagram of the three plume models, redrawn from Saunders et al. (1992). 
Model 1 shows the large impacting plume head which triggers rifling and volcanism. Model 2 
shows a steady state plume beneath the lithosphere, which slowly builds up heat causing softening 
of the lithosphere. Magmatism in this type of plume model will only occur once rifling has begun. 
Model 3 builds on either Model 1 or 2, but the plume is directed towards thinspots in the 
lithosphere where decompressional melting can occur. 












I Mantle Plume 
Phase 2 (56 Ma onwards) 
Figure 2.2. Magrnatism in the North Atlantic Igneous Province has been divided into two phases 
(Saunders et al., 1997). Magmatism of Phase I occurs prior to rifting, while the magmatism of Phase 
2 is concentrated along the active rift zone after 56 Ma. B = Baffin Island; WG = West Greenland; 
SEG = Southeast Greenland; BTIP = British Tertiary Igneous Province; NEG = Northeast Greenland; 
V = Vøring Margin; HB = Hatton Bank; G = Greenland. 
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Figure 2.3. A palaeogeographic reconstruction to Anomaly 24. The plume head covers a pre-drift 
distance of 2000 km, as shown by the location of magmatism in Baffin Island and the British Tertiary 
Province. The sites of the plume centres are also shown; (A) Lawyer and Muller (1994); and (B) 











CD 0) CO 
C\i C'J 





cD 0 0 
CY) CNJ 
C) C) C) 
U) U) LO 
0 0 
Chapter 2. Background Literature 13 






- 	 Iceland 
- . 







. $ 4. •• •.. .r 
. 	 I'. ..t 
Iceland 
see 0 S 
S 	 S  
%J. 
57 	60 	63 	66 
Latitude (°N) 
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Ma Event 
75 
Initiation of regional uplift' nondeposition and extensional faulting. 
Plume head at 650-780 km. No decompressional melting. 
75-57 
Additional central rift uplift, erosion and redeposition. Plumehead is 
approaching the base of the lithosphere. 
End of regional depositional hiatus. Plumehead collapses as it 
63-62 impinges on the base of the lithosphere. First igneous activity in the 
realm of the Iceland plume. 
Magmatism over the >300km wide rift zone where P-T conditions 
59-58 
are good for melting. Melt emplacement at crustal levels as dacitic 
lavas extruding near the incipient plate boundary (ODP site 642), 
sills are intruding regionally in the adjacent basins. 
57 
Continental break-up, massive extrusive volcanism centred along 
the new plate boundary. Regional igneous activity ceases. 
57-54 End of transient extrusive phase 
54-0 Thermal subsidence of the continental margin. 
Table 2.1. Geological development of the Vøring Margin, summarised from Skogseid et al. (1992). 
Cratonic areas 
Areas of Caledonian deformation and 
later basin formation 
Continental plateau basalts of 
pre- to syn-rift age 
Oceanic crust that formed above sea-level 
LI Oceanic crust that formed below sea-level 
Centre of hot spot (Kangerdlugssuaq) 
-' Caledonian front 
_. Spreading axis 
, Spreading axis (extinct) 
Transform fault 
Transform fault (non-active) 
' Line of East Greenland 
' intra plate volcanism 
GSFZ: Greenland-Senja fracture zone 
EGEA: E Greenland Extinct axis 
IGR: Iceland-Greenland Ridge 
IFR: Iceland-Faeroes Ridge 
EJMFZ: Early Jan Mayen fracture zone 
JMFZ: Jan Mayen fracture zone 
IRZ: Icelandic rift zone 
JMR: Jan Mayen Ridge 
KR: Kolbeinsey Ridge 
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Figure 2,7. Summary diagrams showing the development of the rift system in the North Atlantic, 
redrawn from Larsen (1988). 
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Area Rock Location Age Error Method Reference 
East Greenland dolerite dyke Imilik Intrusion II 56.2 0.6 Ar-Ar Tegner eta!, 1998 
wehrlite sill Imilik Intrusion Ill 49.2 0.2 Ar-Ar Tegner eta!, 1998 
wehrlite sill Imilik Intrusion Ill 52.1 0.6 Ar-Ar Tegner eta!, 1998 
gabbro Kruuse Fjord 51.5 0.3 Ar-Ar Tegner et a!, 1998 
gabbro lgtutarajik 47 0.2 Ar-Ar Tegner at a!, 1998 
wehrlite sill Kap E. Holm 47.3 0.3 Ar-Ar Tegner eta!, 1998 
gabbro Kap E. Holm 	- 48.8 0.2 Ar-Ar Tegner et a!, 1998 
syenite Lilloise 50 0.4 Ar-Ar Tegner etal. 1998 
diabase sill I. C. Jacobsen fjord 56.3 0.9 Ar-Ar Tegner at 0/, 1998 
diabase sill Fairy Tale valley 56 0.4 Ar-Ar Tegner etal. 1998 
West Greenland lavas Vaigat Fm 60.4 0.5 Ar-Ar Storey etal. 1998 
lavas Vaigat I'm 60.3 1 Ar-Ar Storey etal, 1998 
lavas Vaigat Fm 60.7 0.5 Ar-Ar Storey eta!, 1998 
lavas Maligat Fm 60.5 0.4 Ar-Ar Storey eta!, 1998 
lavas Maligat Fm 60.3 0.4 Ar-Ar Storey at a!, 1998 
lavas Maligat Fm 59.4 0.5 Ar-Ar Storey eta!, 1998 
dykes and sills Tartunaq dykes and sills 54.8 0.4 Ar-Ar Storey eta!, 1998 
dykes West Disko dykes 53.6 0.3 Ar-Ar Storey et a!, 1998 
tuff Comendite tuft 52.5 0.2 Ar-Ar Storey eta!, 1998 
Darwin Complex dacite 163/6-1A 55.3 0.3 Ar-Ar Sinton eta!, 1999 
Hebrides Shelf basalt 85/513 55.8 0.7 Ar-Ar Sinton at a!, 1999 
Vonng Margin tuft glass ODP 104-642E 55.6 0.8 Ar-Ar Sinton eta!, 1999 
Vonng Margin tuft glass ODP 104-642E 53.7 0.5 Ar-Ar Sinton at a!, 1999 
Voring Margin feldspar ODP 104-642E 57.3 1 Ar-Ar Sinton eta!, 1999 
Vonng Margin feldspar ODP 104-642E 55.8 0.7 Ar-Ar Sinton eta!, 1999 
SE Greenland dacite ODP 152-917A 61.4 0.6 Ar-Ar Sinton eta!, 1999 
Much sanidine Nr base of lavas 62.8 0.6 Ar-Ar Pearson eta!, 1996 
sanidine Nr base of lavas 62.4 0.6 Ar-Ar Pearson at a!, 1998 
Eigg pitctrstone An Sgurr 52.1 0.5 Rb-Sr 
Dickin and Jones. 
1983 
Rum granophyre Western Rum 59.8 0.4 Ar-Ar Mussett, 1984 
lava 61.4 0.4 Ar-Ar Mussett, 1984 
peridotite layered complex 60.53 0.08 U/Pb Hamilton et al .1998 
Ardnamurcban C3 60 1.7 Rb-Sr Mussett eta!, 1988 
C3 60.5 2 K-Ar 
Mitchell and Reen, 
1972 
Mull felsite Loch Ba 56.5 1 Ar-Ar Mussett, 1986 
lavas 60 0.5 Ar-Ar Mussett, 1986 
Skye whole/fspar 
Beinn an Dubhaich 
epigranite 
53.5 0.4 Rb-Sr Dickin, 1981 
gabbro Cuillins 58.91 0.07 U/Pb Hamilton et al, 1998 
sill 54.9 0.6 Ar-Ar Mussett at a!, 1988 
granite Loch Ainhort Granite 58.7 0.9 Rb-Sr Dickin, 1981 
feldspar Coire Uaigneich granite 59.3 0.7 Rb-Sr Dickin, 1981 
Arran gtzporph dykes 58.5 0.8 Ar-Ar Mussett eta!, 1987 
granite northern 60.3 0.8 Rb-Sr Dickin at a!, 1981 
granite northern 60.3 0.6 Ar-Ar Evans at a!, 1973 
Antrim granite Mourne G1 56.2 0.7 Ar-Ar Gibson at a!,l 995 
granite Mourne G2 54.9 1.2 Ar-Ar 
Thompson at al
1987 
granite Mourne G3 56.4 0.1 Ar-Ar Gibson et a! .1996 
granite Mourne G4 56 0.4 Ar-Ar Gibson at a!,1995 
granite Mourne G4 54.5 0.8 Ar-Ar Thompson at a!, 198 
Table 2.2. Some of the available age dates for samples from the North Atlantic Igneous Province. 
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Figure 2.8. Age dates summarised in Table 2.2 plotted onto the time scale of Berggren et al. (1995). 
Light blue =" Ar/39Ar age; green = Rb-Sr age; yellow = U/Pb age. 
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Figure 2,9. A location map of the British Tertiary Igneous Province showing the plateau lava 
fields and the central complexes. The regional dyke swarm can be seen crossing a much wider 
area than the Tertiary centres. 
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Fitiic 2.10. A simplified geological map of the Isle of Mull showing the focus of igneous activity 
110 VI in g north westwards with time (Cl -C3). 
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Figure 2.11. Chronology and correlation of ash layers in Denmark and the North Sea, taken from 
Knox (1997). Pyroclastic events are divided into two main phases. 
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Locationj Rock typel Detailsj Agel Errorl  Type I 	 Reference 
Muck lavas basal 63.00 3.4 Ar-Ar Dagley and Mussett, 1986 
sanidine Nr base of lavas 62.80 0.6 Ar-Ar Pearson eta! 1996 
sanidine Nr base of lavas 62.40 0.60 Ar-Ar Pearson eta!, 1996 
Eigg pitchstone An Squrr 5210 0.50 Rb-Sr Dickin and Jones, 1983 
lava base lavas Eigg 63.30 1,80 Ar-Ar Dagley and Mussett, 1986  
Rum granophyre Western Rhum 59.80 0.4 Ar-Ar Mussett, 1984  
lava  61.40 0.4 Ar-Ar Mussett, 1 984 
peridotite layered complex 60.53 0.0 U/Pb Hamilton et al, 1 
Ardnamurchan C3 60.00 1.7 Rb-Sr Beckinsdale and Walsh  
C3 60.50  K-Ar Michell and Reen, 1972 
Mull felsite Loch Ba 56.50 1.00 Ar-Ar Mussett, 1986  
granite C3  58.20 1.30 Rb-Sr Walsh eta!, 1979 
lavas  60.00 0.50 Ar-Ar Mussett, 198 
Skye whole/fspar Beinn an Dubhaich 53.50 0.40 Rb-Sr Dickin, 1981 
gabbro Cuillins 58.91 0.07 U/Pb Hamilton eta!, 1998 
sill  54.90 0.60 Ar-Ar Mussett eta!, 1 988 
granite Loch Ainhort Granite 58.70 0.90 Rb-Sr Dickin, 1981  
feldspar Coire Uaigneich granite 59.30 0.70 Rb-Sr Dickin, 1981  
Arran gtz porph dykes 58.50 0.80 Ar-Ar Mussett eta!, 17 
granite northern 60.30 0.80, Rb-Sr Dickin eta!, 1981 
granite northern 60.30 0.60 Ar-Ar Evans eta!, 1973  
Antrim gabbro early 58.70 1.20 Ar-Ar Thompson, 1986  
Granite Mourne G1 56.20 0.7 Ar-Ar Gibson et al, 1 
Granite Mourne G2 58.10 1.60 Ar-Ar Evans eta!, 1973 
Granite Mourne G2 54.90 1.20 Ar-Ar Thompson eta!, 1987 
Granite Mourne G3 56.40 0.1 Ar-Ar Gibson eta!, 1995 
Granite Mourne G4 56.00 0.401 Ar-Ar Gibson eta!, 1995 
Granite Mourne G4 54.50 0.801 Ar-Ar Thompson eta!, 1987 
Granite Mourne G5 58.00 1.6 Ar-Ar Evans eta!, 1973 
Granite Mourne G5 54.60 1.00 Ar-Ar Gibson eta!, 1995 
dyke cutting Mourne G5 53.10 1.00 Ar-Ar Thompson eta!, 1987 
Granophyre Carlingford 60.90 0.50 Ar-Ar Thompson, 1986 
Rhyolite Tardree 60.70 0.6 Ar-Ar In Meighan eta!, 1988 
Granite Mourne G1 56.40 1.4 U/Pb Gamble eta!, 1999 
Granite Mourne G2 55.30 0. U/Pb Gamble eta!, 1999 
Granite Slieve Gullion 56.50 1. U/Pb Gamble eta!, 1999 
Obsidian Tardree 58.40 0. U/Pb Gamble eta!, 1999 
Obsidian Sandy Braes 59.0 Ar-Ar Thompson eta!, 1984 
dyke Blind rock 61.70 0.50 Ar-Ar Thompson, 1986 
Rhyolite Tardree 64.60 5.00 fisson Fitch and Hurford, 1977 
Rhyolite Tardree 65.50 3.60 fisson Fitch and Hurford, 1977 
Blackstones basalts 8 samples 58.601 0. K-Ar Mitchell et a!, 1976 
Helen's reef microgabbro 3km east Rockall 79.00  K-Ar Harrison eta!, 1975  
microgabbro 3km east Rockall 114.00 3.00 K-Ar Harrison eta!, 1975  
Lundy granite  54.80 1.40 Ar-Ar Fitch eta!, I 969 
dykes 56.40 0.30 Ar-Ar Mussett eta!, 1988 
granite  57.00 2.00 Rb-Sr Mussett eta!, 1988 
Rockall granite  54.00 4.00 Rb-Sr Hawkes eta!, 1975 
granite  54.001 4.00 Rb-Srl Hawkes eta!, 1975 
granitel  57.001 7.00 Rb-Srj Hawkes eta!, 1975 
St Kilda I 	granite Conachairl 55.001 0.50 Rb-Srl Brook, 1984 
Table 2.3. A summary table of the most recent published radiometric ages for the British Tertiary 
Igneous Province, mostly taken from Mussett etal. 1988. 
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Figure 2.13. The radiometric ages detailed Table 2.3 shown on the geomagnetic time scale of 
Berggren et al. (1995). Igneous activity in the BTIP is shown to span 8 m.y. Palynological ages 
for the BTIP (Bell and Jolley, 1997; Jolley, 1997) are plotted as red lines. Light blue = 40Ar/39Ar 
age; yellow = U/Pb age; green = Rb-Sr age. 
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Calcium Potassium Argon Chorine 
Ar 40Ca(n,na)Ar  a(n,y)a - 	Ar 
37 Ar  40Ca(n,ct)37Ar K(n,nd)37Ar Ar(n,y)37Ar  
Ar Ca(n,a)Ar K(n,d)Ar 40Ar(n,nd)a -Ar 37a(n,y)a - 	Ar 
Ar 42Ca(n,ajAr K(n,p)Ar Ar(n,Ar  
Ca(n,na)Ar 40K(n,d)Ar 40Ar(n,d)a -Ar  
Table 3.1. Details of reactions that generate interfering isotopes during the irradiation of a sample. 
EK37 EK35 EK33 	EK29 
Petten 1 Petten Oregon Oregon 
(MWH) 12 4 1  16 8 
36137(Ca) 0.000273 0.000273. 0.0002641 0.000264 
error 0.000003 0.000003 
40/39(K) 0.00029 0.00019 0.00086 0.00086 
error 0.00019: 0.00049 
39/37(Ca) 0.000699 0.000699 0.000673 0.000673 
error 0.000013 0.000013 
38139(Ca) 0.01208 1  0.01149 0.01211 0.01211 
error 0.00002 0.00003  
0.000721 0.000721 0.00002 0.00002 
error 0.0000781 0.000078  
Table 3.2. Correction factors for the K and Ca derived isotopes during irradiation at the USGS 
TRIGA reactor, USA, and the Petten RODEO reactor in The Netherlands. 
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Figure 3.2. Two schemes for the position of the monitor minerals used in this 
study. Example A where the monitor minerals are located in holes a-h in copper 
trays. The unknowns are located in holes 1-3 1, and Example B where the monitor 
minerals are loaded into Al foil packets and stacked between the unknowns in 
quartz vials. 
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Figure 3.4. A J curve for irradiation EK33. Values of J can be read off the graph using the known 
height of packets in the vials, which are shown schematically. 
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Figure 3.5. Two schematic age spectra diagrams, one showing an undisturbed system where the 
4'Ar 3'Ar  ratio is constant showing that the system has been closed. Example B shows the effects of 
an open system where argon has been lost. The high temperature steps reach a plateau which 
represents the age of the sample. 
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Slope = age 
40Ar/36Ar 
Intercept = 295,5 (atmospheric ratio) 
39Ar/36Ar 
Figure 3.7. An isochron plot with 40Ar/ 36 A versus 39Ar/36Ar. The slope of the line (isochron) 
represents the age of the sample. The intercept on the Y axis should be the atmospheric argon ratio, 
295.5. 
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Figure 3.8. A schematic saddle shaped age spectra. This type of age spectrum is common in rocks 
with excess argon. The isochron plot shows the existence of excess argon by having an intercept that 
is not atmospheric (high 40Aii A1(air) ratio). 
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Figure 3.9. An example age spectrum from this study showing the effects of argon recoil. Low 
temperature steps have old ages and high temperature steps have young ages. This results in a 
stepwise decreasing age pattern. Here, the middle pseudo plateau is used to give an indication of the 
true age of the sample. This sample is from the Antrim plateau basalts. 
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Figure 3.11. An element map for sample SB3 that yielded a good 40Ar/39Ar age. The K is located 
in the main crystal phases that are not altered. The K scale is in counts to the ED detector in 3 
minutes. 
Chapter 3. 40Ar/39Ar Geochronology 	 39 
ON 
in 




Figure 3.12. An element map for sample UBLFIBQ. This sample showed the effects of argon recoil as 
a result of alteration. The K is distributed in alteration phases located at the grain boundaries. K scale is 
in count to the ED detector in 3 minutes. The total number of counts is low in this sample. 
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Figure 3.15, The J curve for irradiation EK33. 












bLIOfl 	 0irectr 
Figure 3.16. J values for monitor minerals in pan F, irradiation EK35. Tilting of the copper pans 
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Figure 3.17. Monitor minerals from irradiation EK.35 located in hole 18 and a-h are shown on a plot of 
J with position. A significant difference in J values from the outer ring of monitors to the middle hole 
is seen. 
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Figure 3.21. The J curve for EK37. The difference in J values for the outer ring of monitor minerals 
and the centre hole is still visible. The samples in this irradiation were located in alternate pans in the 
centre hole. J values for the samples were obtained by reading off the bottom line. 
Label Year Exp. Type Machine 
lc8fOfl? 1998 furnace Map  
1c810??? .1998..  laser  Map i 
lc9fO??? 1999 furnace Map I 
1c915??? 1999 laser Map 2 
Table 3.3. An explanation of experiment numbers used in the next chapter. Map 1 and Map 2 are 
described in the text. 
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Figure 4.1. The flow chart, described in Chapter 3, used to summarise the decision making process 
involved in evaluating the age spectrum and isochron plots. The chart is based on the acceptance 
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Ficuic 4.2. The sample localities are shon on a simplifled geological map of the Small Isles, 
redrawn from Emcleus and (iyopari (1992). 
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Figure 4.4. Example age spectrum diagrams for samples MT2 (top) and MT3 (bottom). The flat 
plateaus shows that minimal disturbance of the system has occurred. 
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Figure 4.6. Four Sgurr of Eigg sanidine incremental-heating age spectra. The flat age plateaus show 
that the system has been closed since crystallisation. 
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Figure 4.8. Two age spectra for biotites from SR539 that were analysed by individual crystal 
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Figure 4.10. Whole rock incremental-heating experiments for two samples, SR252 (Canna lava) and 
SR215 (Rum lava). Age spectra and isochrons are shown for both samples. 
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Figure 4.11. A simplified geological map of Skye, redrawn from Emeleus and Gyopari (992). The 












' l  
Io  (D(NO) 
N 






10 	C11 	U) 
Chapter 4. 4039 Results 
	
58 
0 0  9 9 9 9 9 0 	 0 
CD CD 	 '- 
831)1 	 (evCJ) e6y juejeddV 





I 	I 	I 	I 
	 0.0 	 I 	I 	I 
80 	 80 
59.41 ± 0.20 Ma 




60.41 ± 0.20 Ma 





0 20 	40 	60 	80 
	
100 	0 	20 	40 	60 	80 	100 
39Ar cumulative % 
	




59.46 ± 0.20 Ma 
150.24-+ 69.08 





1 5x1 0 
1 Oxi 0 
5x1 O3  
0 
60.27 ± 0.38 Ma 
318.0f+ 56.88 













0 . 	 - 
0 2000 4000 6000 8000 10000 12000 
39ArI36Ar 	 39Ar/36Ar 
Figure 4.13. Whole rock (leached) incremental-heating experiments on two samples from Bracadale, 
Skye (SB3 and SB1O). Age spectra and isochrons for both samples are shown. 
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Figure 4.14. Whole rock (leached) incremental-heating experiments on two dyke samples from Skye 
(SDI an SD3). 
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Figure 4.15. An incremental-heating and a degassing and total-fusion experiment on riebeckite 
crystals from the Rudha Stac granite, Skye. 
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Figure 4.16. Single crystal incremental-heating and degassing and total-fusion analysis on 
arfvedsonite from the Glamaig granite, Skye. Age spectra and isochrons are shown for both 
experiments. 
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Figure 4.17. Single crystal laser incremental-heating experiments on biotite crystals from the Loch 
Ainort granite, Skye. 
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Figure 4.18. Combined degassing and total-fusion analysis on nine hornblende crystals from the 
Marsco granite. The age spectrum and isochron plots are shown. 
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Figure 4.19. Single crystal incremental-heating analysis and degassing and total-fusion experiments 
on homblende from the Glas Bheinn Mor granite, Skye. Age spectra and isochron plots are shown for 
both types of experiment. 
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Figure 4.20. Degassing and total-fusions on biotite from the Beinn an Dubhaich granite, Skye. 
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Figure 4.21 A simplified geological map of Mull, redrawn from Emeleus and Gyopari (199 2 ). The 
posit on 
 
of the sample sites and the three igneous centres are shown. 
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Figure 4.24. Two whole rock incremental-heating experiments on samples S017 and S033. These 
samples are lava flows with normal magnetic polarity from within Centre I, Mull. 
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Figure 4.25. Whole rock and sanidine incremental-heating experiments on samples from the Loch Ba 
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Figure 4.28. Simplified geological map of Northern Ireland. Location of the sample sites are shown as 
are the three central complexes of Carlingford. Slieve Guffion and Mourne. 
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Figure 4.29. Whole rock incremental-heating experiments on samples A2 and PNB6 from the Antrim 
plateau basalts. Age spectra and isocbron plots are shown for both samples. 
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Figure 4.30. Whole rock incremental-heating experiments for samples BVAO and BVA3 from the 
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Figure 4.31. Single crystal laser incremental-heating experiments on sanidine from the Sandy Braes 
obsidian, Antrim. Age spectra are shown for four of the sanidines analysed. 
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Figure 4.33. Single crystal laser incremental-heating experiments on sanidine from the Tardree 
rhyolite. Age spectra for four crystals are shown. 
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Figure 4.34. Whole rock incremental-heating experiments on two Antrim Lower basalt samples 
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Figure 4.35. Whole rock incremental-heating experiments on two Upper basalt samples from Antrim 
(AGH4 and UBLFIBQ). 
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Figure 4.36. Single crystal laser incremental-heating experiments on biotite from the Mourne 
Mountains granite number 1. Age spectra for four experiments are shown. 
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Figure 4.37. Simplified geological map of Ardnamurchan, redrawn from Emeleus and Gyopari 
(992). The location of the three igneous centres and the two samples analysed by 40Ar/39Ar are 
shown. 
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Figure 4.38. Laser incremental-heating experiments on four biotite crystals from a Centre 3 biotite 
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Figure 4.39. Whole rock incremental-heating experiment on sample AD20, a dolerite from Centre 1, 
Ardnamurchan. The age spectrum and isochron for this experiment are both shown. 
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Figure 4.40. The location of sample A3 is shown on a simplified geological map of Arran, redrawn 
from Emeleus and Gyopari (1992). 
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Figure 4.41. Examples of single crystal incremental-heating experiments on biotites for the North 
Arran granite. Only age spectra are shown. 
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Figure 4.44. Whole rock incremental-heating experiment on a dyke from the Anglesey swarm (3317). 
The age spectrum and isochron are shown. The non-atmospheric intercept indicates the presence of 
excess argon in this sample. 
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------ Granite C3 11  
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Figure 4.45. Published ages for the BTIP prior to this study (Table 2.2, Chapter 2) plotted on the 
timescale of Berggren et cii. (1995). The large errors associated with some of these ages are 
apparent. Relative stratigraphy cannot be resolved. Light blue = Ar-Ar; green = Rb/Sr; yellow = 
U/Pb. Palynological ages from Bell and Jolley (1997) and Jolley (1997) are shown as red lines 
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Figure 4.46. The new 40Ar/39Ar ages (blue) from this study that meet the acceptance criteria and the 
one U/Pb age (yellow) are plotted on the geomagnetic timescale of Berggren et al. (1995). Volcanic 
activity in the BTIP is confined to a 3 m.y. duration (red box). The K-T tektite is also shown as it is 
the direct reference point to the timescale (red). 
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Location } 	Sample No. Sample Age Error MSWD Agetype j 	Notes 
Mull 61 basallava 60.56 0.29 14.88 plateau  
BB6 basallava 58.88 0.7 3.36 isochron excessAr 
TI basal lava 61.36 0.2 53.99 TFA discordant 
13 basal lava 57.10 3.32 1 isochron excess Ar 
BM64&67 700m 58.38 0.19 1.45 WMA TFA-59.5 
S017 & 33 CI lava 59.05 0.27 1.13 WMA 
L81 LochBasanidine 58.48 0.18 3.05 plateau  
MDI-3 dykes 58.12 0.13 0.42 WMA 
Skye lavas middlelavas 59.83 0.12 2.9 WMA 
dykes dykescuttinglavas 59.20 0.16 0.3 WMA 
RGS RudhaStac granite 57.27 0.3 1.34 WMA 
GG Glamaiggranite 60.54 0.65 2.61 plateau  
LAG Loch Ainort granite 58.58 0.13 2.04 WMA 
MG Marscogranite 56.40 0.29 2.47 WMA 
GBMG GlasBheinnMhor granite 55.26 042 4.82 WMA 
BOG BeinnanDubhaichgranite 55,44 022 7.03 WMA 
Antrim Lower 61.02 0,08 9.06 WMA 
Middle 60.07 0.06 1.77 WMA 
AGH4 (Upper) 58.79 0.35 4.02 plateau  
Gi Mourne 55.47 0.11 3.4 WMA 
Muck MT2 basal tuff 60.65 0.07 0.75 WMA 
MT2 basal tuft 60.19 0.2 U/Pb 
MT3 basal tuff 60.44 0.07 0.12 WMA 
1752 lava 59.12 2.41 1 isochron excessAr 
MKD1 dyke 58.58 1.59 11.52 isochron excessAr 
Eigg 1908 lava 59.78 0.25 1.9 plateau  
EP SgurrofEigg 58.73 0.08 1.95 WMA 
EPG SgurrofEigg 47.14 0.12 87.05 WMA 
Rum SR539 w.granophyre 61.13 0.32 4.1 WMA 
SR475 w.granophyre 60.01 0.45 2.39 plateau  
SR215 lava 60.28 0.82 5.12 isochron saddleshape 
Canna SR252 lava 59.98 0.24 1.33 plateau  
SR215&252 60.00 0.23 2.9 WMA 
Ardnamurchan AN20 Cl 59.14 0.19 3.4 plateau  
AN1I C3 58.82 0.16 1.8 WMA 
Arran A3 northerngranite 57.85 0.15 5.67 WMA 
Rockall 57/13-66 57.03 0.21 TFA discordant 
Anton Dorhn 57/12-18 47.40 0.15 TEA discordant 
57/12-18 54.03 0.17 TEA discordant 
Anglesey 3317 60.05 2.85 18.62 isochron excess Ar 
Beloc KT K-Itektite 64.81 0.03 WMA 
Table 4.8. The new 40Ar!39Ar ages from this study for the BTIP. The age for the K-I tektite is 
also included in the table as an absolute reference point to the geomagnetic timescale. WMA = 
weighted mean age; TFA = total fusion age. 
Chapter 5. Correlation with the geomagnetic time scale 
The stratigraphuc succession taken from Radiometric Age 
Emeleus and Gyopan (1992) of the Small Polarity age (Ma) Reference 
Isles follows. 
youngest 
Valley infilling pitthstone of the Sgurr of Eigg R 58.72+0.07 This thesis 
Dolerite dykes N 
Lavas and fluviatile sediments of North-west 
Rum and Canna and Sanday, olivine basalts, 
hawailtes, mugerite (Canna), including also R 60.00+0.23 This thesis 
tholeiitic basaltic andesites and Icelandites on 
Rum. Canna Lava Formation 
Period of profound erosion during which time the Rum central complex was unroofed 
and eroded 
The Rum layered igneous complex 
Central series: feldspathic peridotites, inc. R 
some layered allivalites and peridotites 
Western Layered Series (WLS): feldspathic 
R 60.53+0.04  
Hamilton et 
peridotites and gabbroic rocks at Hams bay a!, 1998 
Eastern Layered Series (ELS): layered 
feldspathic pendotite and allivalite, gabbroic R 
I and ultrabasic intrusives 
(the WLS and ELS may be coeval)  
Dolerite and basalt dykes (some also post- R 
date the layered series)  
Dolerite and basalt cone-sheets on Rum R 
Early phase of acid igneous activity R 
Western Granite, also granite at Papadil and R 60.01 +0.45 This thesis 
long Loch - 
Porphyritic felsite (ignimbrites in caldera and R 
intrusions)  
Tuffisites (some may post-data the porphyritic R 
felsites)  
Volcaniclastic breccias- probably a mixture of 
explosion breccias and breccias formed by R 
caldera wall collapse.  
Dolerite and basalt dykes (some intruded R 
after breccias and before felsites)  
Eigg Lava Formation seen in SW Rum, Eigg 6065 +0.07 & 
and Muck. Sanidine bearing tuff horizons R 60.44+0.07 
This thesis 
towards the base - 
oldest 
Table 5.1. A summary of the magmatic history of the Small Isles is combined with the '°Ar/Ar 
ages from this thesis and Hamilton et al. (1998). The magnetic polarity data is from Dagley and 
Mussett (1981, 1986). Apart from the late dolerite dykes, all of the igneous rocks sampled have 
reversed magnetic polarity. A normal polarity event is inferred during the period of erosion 
(Dagley and Mussett, 1981). 
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The *atigraphic succession taken from 




Late dykes (dolente and felsite) R 
Eastern Redhills Centre 
Composite acid/basic sheets R 
Five granite intrusions (Glas Bheinn Mhor, 
inner and outer granites, Beinn an Dubhaich 
granite) 
R 
GBM @ 55.26 
±0.42, BAD @ 
55.44+0.22 
Kilchrist hybrids (probably post-date some 
of the granites)  
Broadford and Beinn na Cro gabbros R 
Acid la.es, ignimbntes, tuffs and 
agglomerates of Kilchrist tent (may predate 
the centre by a considerable amount)  
Dykes (dolente and pitchstone) N 
Western Red Hills Centre 
Marsco and Meall Buidhe granites N 56.40+0.29 
Marscoite suite of hybrids etc N 
Nine granites and major felsite intrusions 
from oldest to youngest (Glamaig, Maol na 
Gainmhich, Eas Mor, Beinn Dearg Mhor, 
Loch Ainort, Glen Sligachan, Southern 
Porphyntic, Northern Porphyritic felsite, 
Meall Buidhe)  
N-R-N 
Glamaig © 60.54 
±0.65, Loch Ainort 
G @ 59.58 ±0.13 
Marsco summit gabbro  
Belig vent  
Dolente dykes  
Strath na Creitheach Centre 
Three granite intrusions (Meall Dear, 
Ruadh Stac and Blaen Granites) 
R 57.29+0.30 
- 
Loch na Creitheach vent  
Dolerite dykes N 
Cuillin centre  
Cone sheets dolerite R 
Coire Uaigneich granophyre N 
lntrush.e tholelites  
Table 5.2. A summary table combining the magmatic history of Skye (Emeleus and Gyopari, 1992), 
the magnetic polarity (Dagley et aL, 1990), the ArIAr dates from this thesis and the U/Pb ages from 
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The stratigraphic 
succession taken from Polarity 
Radiometric age 
Age Reference 
Emeleus and Gyopail (1992) (Ma) 
of Mull  
Dykes were intruded 
dykes cutting 
Loch Ba ring dyke 58.12+0.13 This thesis 
throughout the sequence 
R __  
Loch Ba Centre (Centre 3; north-west or late caldera) 
Loch Ba felsite ring-dyke (Alit 
Molach-Beinn Chaisgidle, N 58.48+0.18 This thesis 
Loch Ba-Ben More) 
Hybrid masses of Sron nam 
Boc and Coille na Sroine 
(Loch Ba-Ben More)  
Beinn na Ghraig granophyre N 
Knock granophyre  
Late basic cone sheets N 
Early Beinn a Ghraig 
granophyre and felsite  
Glen Cannel complex and N 
some late basic cone-sheets 
BeInn Chaisgidle (Centre 2)  
Glen More ring dyke N 
Late basic cone-sheets N 
Ring dyke intrusions around 
Beinn Chaisgidle  
? Augite diorite masses of An N 
Cruachan and Gaodhail  
Corra-Bheinn layered gabbro N 
Second suite of early basic R&N 
cone-sheets  
Second suite of early acid 
N 
cone-sheets  
Explosion vents  
Glen More (Centre 1)  
Ben Buie layered gabbro predominantly R  
Loch Uisg granophyre-gabbro R 
First suite of early basic cone R&N 
sheets  
Early acid and intermediate R 
cone sheets  
Acid explosion vents 
containing porphyrtic rhyolitic 
material  
Gias Bheinn and 
R&N 
Derrynaculen granophyres 
Updoming and folding in south-east Mull as a result of rising diapir 
Lava eruption onto eroded base 60.56 
surface of Mesozoic and older 
R except in SE middle ±0.29, 
rocks. Latest flows overlap 
caldera where N. 58.38 +0.19, This thesis 
with the formation of the Outside caldera R - inside SE caldera 




Table 5.3. The igneous succession in Mull summarised in Emeleus and Gyopari (1992) is 
combined with magnetic polarity taken from Dagley et al. (1987) and the radiometric ages from 
this thesis. There are seven changes in magnetic polarity seen in the sampled rocks of Mull. Most 
of the lavas have reversed polarity, while most of Centres 2 and 3 have normal polarity. 
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Figure 5.3. A simplified schematic diagram showing stratigraphic relationships in the Mull central 
complex, taken from Emeleus and Gyopari (1992). The lavas are cut by early acid cone sheets 
(reversed polarity) and then by the early basic cone sheets (reversed and normal polarity). All of these 
rocks are then cross-cut by the later normal polarity Glen More quartz gabbro. If overprinting of the 
lavas had been caused by the quartz gabbro then cone-sheets with reversed polarity would also have 
been affected. 
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The stratigraphic succession taken from Emeleus and Polarity 
Radiometric 
Age Reference 
Gyopari (1992) of Arran age (Ma) 
Dykes R&N 
Central Igneous comelex  





Felsite  Olivine dolerite R 
Explosion breccia  Pitchstone R 
Felsite 
Felsite = Quartz R 
dolerite  
Gabbros  R  
Crinanite sills  /R  





Outer granite  Olivine dolerite N 57.85+0.15 This thesis 




porphyry sills etc  
Olivine dolerite Tholeiitic dolerite  R  
Ailsa Craig 
Microgranite = Holy R 
Island trachyte 
Table 5.4. A summary of the magmatic history, magnetic polarity and radiometric age for the Isle 
of Arran. The magmatic history is taken from Emeleus and Gyopari (1992), magnetic polarity 
from Dagley and Mussett (1978) and Hodgson etal. (1990). The 40Ar/39Ar age of 57.85 ±0.15 Ma 
is taken from this thesis. The igneous sequence in Arran records a magnetic history of R-N-R. 
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The stratigraphic succession taken 
from Emeleus and Gyoparl (1992) for 
Ardnamurchan, and is based on 
Richey and Thomas (1930) and 





Late NNW-trending dolerite dykes.  
Centre _3  
Quartz monzonite R 
Tonalite R 
Fluxion biotite gabbro of Glendrain R 
Fluxion biotite gabbro of Sithean Mor R 
Quartz-biotite gabbro R 58.82+0.16 This thesis 
Quartz-dolerite, granophyre veined 
Inner eucrite R 
Biotite eucrite R 
Quartz gabbro, southern side of Meall an 
Tarmachain R 
Quartz gabbro of Meat an Tarmachain 
summit R_________  
Outer eucrite R 
Great eucrite R 
Cone-sheets of Centre 3 R 
Porphyritic gabbro of Meall nan Con 
screen R 
Gabbro, south east of Rudha Groulin R 
Gabbro of Plochaig R 
Fluxion gabbro of Faskadale IR  
Quartz gabbro of Faskadale IR 
Centre 2 (Migration of focus of activit' o Achnaha area)  
Felsite, south of Aodann  
Fluxion gabbro of Portuairk R 
Younger quartz gabbro of Beinn Bhuidhe 
Quartz gabbro of Beinn na Seilg R 
Quartz gabbro of Loch Caorach R____________  
Eucrite of Beinn nan Ord R 
Inner cone-sheets of Centre 2 R 
Quartz dolerite of Sgurr nam Meann R____________  
Quartz gabbro of Aodann  
Older quartz gabbro of Beinn Bhuidhe R 
Granophyre of Gngdale R 
Quartz gabbro of Garbh-dhail  
Old gabbro of Lochan an Aodainn R 
Hypersthene gabbro of Ardnamurchan 
point R 
Glas Eileen vent  
Outer cone sheets of Centre 2 R 
Centre I and the Ben Hiant vent (some stratigraphic relationships uncertain) (migration of 
focus of activit f to Aodann area [NM 543 6641)  
Cone-sheets of Centre 1 
(penecontemporaneous with the quartz 
dolerite intrusion of Ben Hiant) R 59.14+0.19 This thesis 
Ben hiant quartz dolerite R 
Composite intrusion of Beinn an Leathaid 
Augite dolerite of Camphouse R 
Quartz dolerite of Camphouse R 
Porphyritic dolerite of Ben haint R 
Granophyre west of Faskadale R 
Old gabbro of Meall nan Con R 
Porphyritic dolerite of Glas Bheinn  
Agglomerates of Northern vents  
Tuffs, agglomerates and lavas of Ben 
Hiant vents  
Trachyte plug IR 
(Igneous activity localised at Ben Hiant and also centred on a focus - 1.3 km west of Mesh 
nan Con) 
Palaeocene basalt lavas and thin 
sediments R 
Table 5.5. The complex igneous history of Ardnamurchan (Emeleus and Gyopari, 1992), and the 
magnetic polarity data of Dagley et al. (1984) are summarised here. The 40ArI39Ar ages for 
Ardnamurchan obtained as part of this study are also shown. 
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The stratigraphic 
succession taken from Polarity 
Radiometric age 
Age Reference 
Wallace (1995) and (Ma) 
Gamble eta! (1999)  
Carlingford R 60.9+0.5 Thompson 1986 
Gamble at a!, 
 Slieve Gullion R 56.5+1.3 1999 
R (apart from an Gibson at a!, 
Mourne G5 acid vein and 54.6+1.0 1995 
dyke)  
Mourne G4 R 56.0+0.6 
Gibson at a!, 
 1995 
Mourne G3 R 56.4+0.1 
Gibson at a!, 
 
1995 
Mourne G2 R 54.9+1.2 
Thompson eta!, 
1987 
Mourne Gi R 55.47+0.11 This thesis 
Upper Basalts R 58.79 ±0.35 (AGH4) This thesis 
Interbasaltic  
Causeway Tholeilte Member R 60.35+0.74 This thesis 
60.16+0.09 
Sandy Breas obsidian R (sanidine), 59.62 This thesis 
±0.26 (glass) 
Tardree rhyolite R 60.00+0.08 This thesis 
Lower Basalts R 61.02+0.08 This thesis 
Table 5.6. The Antrim plateau basalts are subdivided into Lower, Middle and Upper Formations. 
The Middle or Interbasaltic Formation includes the Sandy Braes obsidian and the Tardree rhyolite. 
The Mourne Mountains, Carlingford and Slieve Gullion central complexes are also included. All 
of the Tertiary rocks have reversed magnetic polarity (Wilson, 1970; Mussett etal., 1988), apart 
from a vein and a dyke that cut the Mourne Mountains granite number 5. 
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Figure 5.7. Radiometric ages from this study, Gibson et al. (1995), Gamble et al. (1999) and 
Thompson (1986) are used to correlate the magmatic history of Antrim to the geomagnetic timescale 
of Berggren et al. (1995). 40Ar/Ar ages for the Lower basalts correlate to within Chron 27n. The 
lower basalts have reversed polarity, which means they could correlate to Chron 26r or Chron 27r. As 
no lava flows with normal polarity have been found in Antrim, the Lower basalts have been correlated 
to the base of Chron 26r. 
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Figure 5.9. Seafloor magnetic profiles from the Pacific and Indian oceans between Chron 26n and 
Chron 27n, redrawn from Cande and Kent (1992b). The faster spreading South East Pacific better 
resolves the tiny wiggles during Chron 26r. These wiggles correspond to the seven cryptochrons of 
Chron 26r in Cande and Kent (1992a). The normal events of Chrons 26n and 27n also show tiny 










* Calibration Point 








33r 34  
32 
200 400 600 800 1000 1200 1400 1600 1800 2000 
Distance (km) 
Figure 5.10. Calibration points and magnetic anomalies are shown on a distance versus age plot, 
redrawn from Cande and Kent (I 992b). Between the calibration points the position of magnetic 
anomalies are interpolated using constant seafloor spreading rates. 
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Figure 5.11. Comparison of the pattern of tiny wiggles in three seafloor spreading records that have 
been stretched to a common width, redrawn from Cande and Kent (1 992b). The position of the seven 
cryptochrons within Chron 26r are shown as black dots. 
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Figure 6.7. Sample localities in the Small isles are shown on a simplified geological map, redrawn 
from Emeleus and Gyopari (1992). 
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Figure 6.8. Basalts from the Small Isles samples define an array within the N-MORB field on a Zr/Y 
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Figure 6.9. The Small Isles samples divided into 5 stratigraphic groups (see details in the text).Eigg LF 
= filled circles; Eigg & Muck dykes = filled triangles; Central Complex samples = filled squares; Canna 
LF = open circles; Canna Dykes = open traingles. 
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from Enieleus and Gyopari (1992). 
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Figure 6.12. Sample localities are shown on a simplified geological map of Arran, redrawn from 
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Figure 6.14. Basalt dykes with known magnetic polarity (Robertson, 1999) are shown on a Zr/Y 
versus Nb/Y diagram and a plot of Ba/Zr versus ANb. Both the normal and reversed polarity dykes 
within both the N-MORB and Iceland arrays. Crustal contamination does not appear to be significant 
in these dyke samples (low Ba/Zr). 
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Figure 6. 18. Sample localities from Skye shown on a Sill  iplilied geological map. redrawn Ironi 
[melcus and Gvopari (1992). 
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Figure 6.19. Basalts from Skye plotted on a Zr/Y versus Nb/Y diagram showing the boundary lines of 
the Iceland array (Fitton et al., 1997). Stratigraphic division of the basalt follows the scheme of 
Williamson and Bell (1994) wherever possible or by location. Dykes were sampled from throughout 
the magmatic history of Skye and the gabbros are from the Cuillins Centre. Most of the samples from 
Skye plot within the N-MORB array. 
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Figure 6.20. Samples divided using the scheme of Williamson and Bell (1994) are plotted on a ANb 
versus relative height diagram. The Bualintur Lava Group (oldest) plot at the bottom, and the Talisker 
Lava Group (youngest) at the top. A major change from negative to positive values of ANb occurs 
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Figure 6.21. The dyke and Cuillin gabbro samples are shown on ZrIY versus Nb/V diagram and a 
plot of BaJZr versus ANb. They plot within both the Iceland and N-MORB arrays. 
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Fiuie 022. A simplified geological map of Mull, after Emeleus and Gvopari (1992) showing the 
sampled sections of Ken- (1993) and other localities sampled by the author. 
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Figure 6.25. Samples from the Corra Bheinn layered gabbro (Chambers, 1996), the lavas with 
normal magnetic polarity and the late dykes are shown on a plot of Zr/Y versus Nb/Y and Ba/Zr 
versus ANb. The normal polarity lavas, occurring in Cl, have negative ANb whereas the layered 
gabbro from (Centre 2) and the late dykes plot within both the N-MORB and Iceland arrays. The 
gabbro can be seen to have higher Ba/Zr ratios than the other samples, reflecting plagioclase 
accumulation. Average values of Moine petite (filled square) and Lewisian granulite (open square) 
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Figure 6.27. The offshore samples from West of Shetland divided into the 2 phases of Saunders et al. 
(1997). Both 'Icelandic' (blue circles) and N-MORE-like basalts (red circles) occur throughout the 
magmatic history of this area. Two Rosemary bank samples are shown as pink circles as they have 
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Figure 6.28. Variation in Zr/Nb with depth in tuffs from the North Sea. The tuffs have almost 
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Figure 6.29. Variation in Zr/Nb with depth in tuffs from West of Shetland. In general, the Zr/Nb ratio 
is higher than that for the North Sea tuffs. 
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Figure 6.33. Stratigraphic variations in ANb correlated to the geomagnetic timescale of Berggren etal. (1995). Black indicates normal polarity events. All of 
the ages used are from this study or U/Pb ages from Hamilton etal. (1998). Symbols used are as follows: Circles = main lava series for each area; open squares 
= Coire Gorm magma type, Mull; triangles = dykes; closed squares = samples from the central complex. The geochemical plots have ANb as the X axis from 
0.5 to —1, and relative stratigraphic height on the Y axis. Initial magmatism is dominated by an N-MORB mantle source with a change to and Icelandic source 
within I my. 
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Figure 6.35. Variation in Ti/Zr with M4b in the Mull, Skye and Antrim lava successions. No 
correlation exists between high Ti/Zr and positive values of AMb, apart from in Mull. 
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Igneous Centre Sample ANb Age (Ma) Error (Ma) Polarity 
Mull 
Base lavas negative 60.50 0.29 R 
middle lavas positive 58.38 or TFA 59.5 0.19 R 
top lavas negative R 
Cl lavas negative 59.05 0.27 N 
C2 gabbro both N 
Loch Ba Ring dyke nla 58.48 0.18 N 
Dykes both 58.12 0.13 R 
Small Isles 
Eigg Lava Fm negative 60.65 0.07 R 
Dykes negative R 
Rum Central Complex negative (1 +ve) 60.01 0.45 R 
Canna Lava Fm negative 60.00 0.23 R 
Dykes negative R 
Arran  
lavas negative R 
N Granite n/a 57.85 0.15 N 
Dykes both N 
Dykes both R 
Skye 
Middle lavas both 59.83 0.12 R 
Talisker Group negative R 
Cullins Gabbros both R 
Dykes both 59.20 0.16 RIN 
Antrim 
Lower basalts negative 61.02 0.08 R 
Causeway Tholeiites negative 60.07 0.06 R 
Upper basalts both 58.79 0.25 R 
Ardnamurchan  
Lavas negative 59.14 	0.19 R 
C1-3 negative 58.82 0.16 R 
Anglesey 
Dykes both RIN 
3317 positive 60.05 	2.85 ? 
W of Shetland 
lavas both RIN 
Table 6.1. Summary table of changes in tNb, 40ArI39Ar geochronology and magnetic stratigraphy in 
the BTIP. 
Chapter 7. Discussion 	 150 
ON 	ON 	ON 
00 C\ 
ON 	0' 	0' 	C 	C VI • - 0' 	VI 	V 	VI 	VI 	VI 	Vi 	VI 	VI 	VI 0 '.0 00 ON VI - 





S 	 C' U. C3 La 
t'.) I'.) t.) La 
-I Q 
a iiIiii 11111 11111 _Polarity __ 
CRETACEOUS PALAEOCENE I EOCENE 
0 
EARLY LATE EARLY 
Maastrictian Danian Selandian Thanetian Ypresian Age 
C% III La 00 
'H 
- 
Interbasaltjc formation 	I 
Upper basálts 
--- Tardree rhyolite 
___._ Tardree rhyolite 
Sandy Braes obsidian 
MdurneGl 
Antrim Lavas 	 .-.+- Mourne G2 
—.-4 	4ourneG3 
--- Mourne G4 
—o-----i— Sieve Gull ion 
--- Carlingford 	Slieve Qullion 
Coire Uaigneicl grarite 
Loch Ainori granite Beinn an Dubhaich granite 
Cuillins gabbro 
Canna Lava Formation and Skye Lavas 
-.-- Plateau basalts 	Mull lavas 
S 	GranitC3 
Loch Usig granophyre 
LoO Ba ring dyke 
Dyke 	-W trending 
Beinna Ghraig granophyre 
—•-.--- Muck Tuff 
--- Muck Tuff 
Sgurr of Eigg pitchstone 
Plateau lava, Muck 
Plateau lava, Eigg 
lava, Rum 
o Rum layered complex 
-- 	Western granophyra, Run 
C,) 
-___ Northern granite, Arm 
--- Northern granite, Arran 
qtz porphyry dyke, Arran 
C3 Ardnamurhan 
Ardnamurchan lavas 
Figure 7.1. Existing radiometric ages for the BTIP, available prior to this study, are correlated to 
the geomagnetic time scale of Berggren et al. (1995). Igneous activity in the BTIP occurs over a 
10 m.y. period, with the bulk of activity occurring at 58 Ma. Palyno logical ages for the BTIP are 
from Bell and Jolley (1997) and Jolley (1997) are shown as red lines, U/Pb ages in yellow, Rb-Sr 
ages in green, and 40ArI39Ar ages in light blue. 
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Figure 7.2. The new 40Ar/39Ar ages for the BTIP presented in this thesis are correlated to the 
geomagnetic time scale of Berggren et al. (1995). Igneous activity is now confined to a 3 m.y. period 
beginning at 61 Ma (red box), apart from some late stage granites in Skye and Antrim. The K-I 
tektite age (red) is also shown as it allows direct correlation to the time scale. A U/Pb sphene age 
(yellow) from Muck tuff 2 is also plotted. 
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Figure 7.3. Radiometric ages for the NMP (Chapter 2) including some of the new data presented 
within this thesis (Chapter 4) are correlated to the geomagnetic time scale of Berggren et al. (1995). 
Both the old and new ages for the Muck tuffs and the Sgurr of Eigg pitchstone are plotted (Pearson et 
al., 1996; Chambers and Pringle, submitted a; Dickin and Jones, 1983). 40Ar/39Ar ages from this study 
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Figure 7.6. Variations in Ti/Zr with ANb in the Antrim, Skye and Mull. A correlation between the 
two can only be seen in Mull. 
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Figure 7.7. Stratigraphic changes in z\Nb are correlated to the geomagnetic time scale of Berggren et cii. (1995) using the new 40ArI39Ar ages presented in this 
thesis. Black indicates normal polarity Chrons, other symbols used are as follows: Circles = main lava series for each area; open squares = Coire Gorm magma 
type, Mull; triangles = dykes; closed squares = samples from the central complex. The geochemical plots have ANb as the X axis from 0.5 to —1, and relative 
stratigraphic height on the Y axis. Early igneous activity was dominated by basalts with negative ANb (N-MORB mantle source) with a change to positive tNb 
('Icelandic' mantle source) occurring after less than 1 my. This change represents the first influx of chemically distinct plume mantle into the BTIP. 
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Location Sample No. Sample Age Error }_MSWD j Age type } 	Notes 
Mull Bi basal lava 60.56 0.29 14.88 plateau  
BB6 basal lava 58.88 0.7 - 3.36 isochron excess Ar 
Ti basal lava 61.36 0.2 53.99 TFA discordant 
T3 basal lava 57.10 3.32 1 isochron excess Ar 
BM64&67 700m 58.38 0.19 1.45 WMA TFA-59.5 
S017&33 Cl lava 59.05 0.27 1.13 WMA 
LB1 Loch Ba sanidine 58.48 0.18 3.05 plateau  
MD1-3 dykes 58.12 0.13 0.42 WMA 
Skye lavas middle lavas 59.83 0.12 2.9 WMA 
dykes dykes cutting lavas 59.20 0.16 0.3 WMA 
RGS Rudha Stac granite 57.27 0.3 1.34 WMA 
GG Glamaig granite 60.54 0.65 2.61 plateau  
LAG Loch Ainort granite 58.58 0.13 2.04 WMA 
MG Marsco granite 56.40 0.29 2.47 WMA 
GBMG Glas Bheinn Mhor granite 55.26 0.42 4.82 WMA 
BOG Beinn an Dubhaich granite 55.44 0.22 7.03 WMA 
Antrim Lower 61.02 0.08 9.06 WMA 
Middle 60.07 0.06 1.77 WMA 
AGI-14 (Upper) 58.79 0.35 4.02 plateau  
G1 Mourne 55.47 0.11 3.4 WMA 
Muck MT2 basal tuff 60.65 0.07 0.75 WMA 
MT2 basal tuff 60.19 0.2 U/Pb 
MT3 basal tuff 60.44 0.07 0.12 WMA 
1752 lava 59.12 2.41 1 isochron excess Ar 
MKD1 dyke 58.58 1.59 11.52 isochron excess Ar 
Eigg T908 lava 59.78 0.25 1.9 plateau  
EP SgurrofEigg 58.73 0.08 1.95 WMA 
EPG SgurrofEigg 47.14 0.12 87.05 WMA 
Rum SR539 w. granophyre 61.13 0.32 4.1 WMA 
SR475 w. granophyre 60.01 0.45 2.39 plateau  
SR215 lava 60.28 0.82 5.12 isochron saddle shape 
Canna SR252 lava 59.98 0.24 1.33 plateau  
SR215 & 252 60.00 0.23 2.9 WMA 
Ardnamurchan AN20 Cl 59.14 0.19 3.4 plateau  
ANI1 C3 58.82 0.16 1.8 WMA 
Arran A3 northern granite 57.85 0.15 5.67 WMA 
Rockall 57/13-66 57.03 0.21 TFA discordant 
Anton Dorhn 57/12-18 47.40 0.15 TFA discordant 
57/12-18 54.03 0.17 TFA discordant 
Anglesey 3317 60.05 2.85 18.62 isochron excess Ar 
Beloc KT K-T tektite 64.81 0.03 WMA 
Table 8.1. A summary table of all of the 40Ar/Ar ages (in Ma) presented in Chapter 4. WMA = 
weighted mean age; TFA = total fusion age. Details of these analyses and the sample names can be 
found in Appendix B or Chapter 4. 
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SPECIAL 
Geochemical transitions in 
the ancestral Iceland 
plume: evidence from the 
Isle of Mull Tertiary 
volcano, Scotland 
L. M. CHAMBERS & J. G. FITTON 
Department of Geology & Geophysics, University of 
Edinburgh, West Mains Road, Edinburgh, EH9 3JW, 
UK (e-mail: Lynne. Chantbers@glg.edac.uk) 
T
he  Mull Tertiary volcano lies on the eastern edge of 
the North Atlantic Igneous Province, and was active 
soon after the initiation of the Iceland plume. Detailed 
sampling of the Mull lava pile has allowed temporal 
changes in the mantle source to be determined. A signifi-
cant change at 700 in above sea level from N-MORB-like to 
'Icelandic' marks the first arrival beneath the region of mantle 
from the core of the ancestral plume. The earlier basalts 
represent an outer plume sheath of heated upper mantle. From 
the initiation of magmatism in Mull, it took 1.9 ± 0.4 Ma for 
this transition to occur. 
Keywords: Mull, Tertiary, Iceland plume, basalts, geochemistry. 
The Mull plateau lava flows cover an area of 840 km2 and have 
a thickness today of nearly 1000 m. Studies of zeolite minerals 
suggests that approximately 1000 m has been eroded from the 
top of the lava pile (Walker 1971). After the fissure-fed lava 
flows had covered the Tertiary landscape, a central volcanic 
complex developed. This complex comprised multiple cross-
cutting arcuate intrusions concentrated around three centres of 
igneous activity (Centres 1-3) (Bailey c/ of. 1924). Lastly, the 
whole area was cut by the regional NW-SE-trending dyke 
swarm. This study is primarily concerned with the 1000 m of 
plateau lava flows of Ben More (Fig. I). 
The lava sequence in Mull has been subdivided into three 
groups by Kerr (1993); the Mull Plateau Group (MPG), the 
Coire Gorm magma type (CG) and the Central Mull tholeiites 
(CMT). The Mull Plateau Group makes up most of the 
succession with the Coire Gorm lava flows being found only at 
the highest point in the succession at the top of Ben More. The 
Central Mull Tholeiitc flows are mostly found in the central 
complex as part of Centre I. Here we present ANb (Fitton 
ci al. 1997)   data for all of the Mull lava sequence and discuss 
the implications for the composition and timing of the 
ancestral Iceland plume. 
Results. Approximately 450 samples (collected from Mull by 
A. Kerr (Kerr 1993) with additional samples collected by 
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Fig. 1. A simplified geological map of the Isle of Mull. The sections 
sampled by Kerr (1993) are shown as crosses and the samples 
collected by the authors are shown as dots. The position of the three 
centres within the central volcano are marked and can he seen to 
move northwestwards with time. 
were analysed by XRF spectrometry at the University of 
Edinburgh. Particular care was taken in the determination 
of N  which is believed to be precise (2o) to ± 0.1 ppm for 
values <2 ppm and ± 0.2 ppm for values >2 ppm. Analytical 
methods are described in Fitton ci al. (1998). The data are 
plotted on a Nb/Y v. Zr/Y diagram (Fig. 2), which was used by 
Fitton et al. (1997) to distinguish modern Icelandic basalt from 
normal mid-ocean ridge basalt (N-MORB). Icelandic basalt 
and N-MORB define distinct and parallel arrays, showing that 
the Iceland array cannot represent mixing of plume and 
N-MORB mantle sources. Icelandic basalt and N-MORB can 
conveniently be distinguished through the excess or deficiency 
in Nb (ANb) using the lower boundary of the Iceland array as 
a reference line. The majority of the Mull samples plot below 
the Iceland array (negative ANb, in the N-MORB field) 
although the younger basalts plot within the array (positive 
ANb). 
Distinguishing basalt with Icelandic and N-MORB sources 
is complicated by the effects of crustal contamination in the 
British Tertiary Igneous Province. Thompson c's of. (1986) 
have shown that the earliest Mull basalts (the Staffa Group) 
could have assimilated 20-30/ of Moine peltte, although Kerr 
ci of. (1995) have shown that most of the Mull Plateau Group 
lavas are relatively uncontaminated and that the most con-
taminated contain only 3-5± of Lewisian granulite. Even after 
eliminating the most contaminated samples, however, the 
mantle source of British Tertiary Igneous Province basalts 
cannot be unambiguously deduced on the basis of 43Nd/14aNd 
and "Sr/"'Sr (Saunders ci al. 1997). Pb isotopes separate out 
Icelandic basalt and Atlantic N-MORB into parallel arrays 
(Tb irlwall 1995) but the addition of even very small amou n ts 
of crust again prevents Ph isotopes being of use its the British 
261 
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Fig. 2. Nb/Y v. ZrfY for the Isle of Mull basalts. The samples have 
been subdivided after Kerr (1995); MPG, Mull Plateau Group; CG, 
Coire Gorm magma type; CMT, Central Mull Tholejites. In 
addition, data from the N-lava flows (those with normal magnetic 
polarity from Centre I; Dagley CS 0/. 1987) and late dykes are 
included. The two parallel lines represent the Iceland array; PM, 
primitive mantle (from Fitton et al. 1997). N-MORB plots below the 
lower line, and ANb is the distance in log units above and below 
this reference line. The majority of the Mull samples plot in the 
N-MORB field, although some samples from each of the MPG, CG 
and CMT magma types plot within the Iceland array. The Mull 
samples define an array, extending from the Iceland field allow 
ZrIY to the N-MORB field at high Zr/Y, because of a systematic 
variation in degree and depth of partial melting. The high-ZrIY 
basalts represent small melt-fractions, generated under a thick 
lithosphere lid, of N-MORB-source mantle in the slightly cooler 
outer zone of the ancestral plume. The low-Zr/Y samples reflect 
larger degrees of melting of 'Icelandic' mantle in the hotter core of 
the plume, generated at a later time and possibly under a thinner lid. 
The Inset diagram shows the effects of mixing 20% by mass of 
Lewisian granulite (L; Weaver & Tarney 1981) and Moine pelite (M; 
Thompson et 0/. 1986) with basalt representing the three principal 
magma types. 
Tertiary Igneous Province. ANb is relatively insensitive to the 
effects of crustal contamination because crustal rocks plot 
close to or below the Iceland array reference line (ANb:50; 
Fitton Cl al. 1997). Thus crustal contamination can only lower 
ANb and can never make a basalt with an N-MORB source 
appear to be Icelandic. This is illustrated in the inset diagram 
in Fig. 2 which shows the effects of mixing 200/, by mass of 
Lewisian granulite (Weaver & Tarney 1981) and Moine pelite 
(Thompson el al., 1986) with basalt representing the three 
principal magma types. These large leyels of contamination 
only have a modest effect on ANb, especially in the case of 
contamination with Moine pelite (Fig. 2), but substantially 
increase the concentration of elements such as Ba that are 
much more abundant in crustal rocks than in the uncontami-
nated basalts. BaiZr, for example, increases typically by a 
factor of 2 with a Lewsian granulite contaminant and by a 
factor of 3 with Moine pelite. To limit the effects of contami-
nation we have eliminated basalts with BaJZr>2 from our data 
set, and we are confident that ANb reflects only the mantle 
source composition. 
The variation in ANb with stratigraphic height in the lava 
pile is shown in Fig. 3. The stratigraphic height of each sample 
is taken as its present height above sea level since the flows are 
nearly horizontal and the lava field in Mull is not cut by any 
major faults. The thickest section through the lava pile com-
bines the Beinn na h-lolaire and Ben More sequences of Kerr 
(1995). The Beinn na h-lolaire section is up dip of the Ben 
More lava flows which dip gently at r to the east. A major 
change in ANb occurs at 700 in (Fig. 3) when the basalts 
change from having an N-MORB source (negative ANb) to 
having an 'Icelandic' source (positiveANb). This change 
occurs between samples BM67 and BM68. As any samples 
showing obvious effects of crustal contamination have been 
removed from Fig. 3, and there is no significant change in 
Ce/Y and Ba/Zr (not shown) at this level, this transition in 
ANb cannot be attributed to variation in the amount of 
assimilated crust. 
The stratigraphic section in Fig. 3 also shows the other 
changes in basalt composition noted by Kerr (1993). The 
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Fig. 3. ANb, ZrIY, Ce/Y, Ti/Zr and MgO (wt%) v. stratigraphic height (metres above sea level) in the Mull lava succession. The MPG are 
shown as open circles and the CG as filled triangles, as in Fig. 2. The ANb trend shows the change from an N-MORB to an 'Icelandic' mantle 
source at 700 m. The magma type fluctuates over the next nine flows until approximately 820 m. The MgO plot illustrates how, before the CG 
lava sequence was erupted. MgO decreased as the magma evolved (Kerr 993). These evolved lavas (MgO <4 wt°/,) have been eliminated from 
the other plots. 
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change in ANb is almost coincident with the boundary between 
the Mull Plateau Group and the Coire Gorm basalt types. 
Kerr's (1993) subdivision is based on the difference in Ti/Zr, 
and on the Mull Plateau Group having LREE-enriched 
patterns compared with the Coire Gorm flows, which have flat 
REE patterns. ANb shows that the two magma types have 
different mantle sources. In addition, the ZrIY plot shows that 
the Coire Gorm lavas are slightly less enriched than the Mull 
Plateau Group, implying a larger degree of melting. A larger 
degree of melting of a less depleted mantle source can also 
explain the difference in REE patterns noted by Kerr (1993). 
Figure 3 shows that low-pressure fractional crystallization 
can be eliminated as a cause of the variation because the plot 
of wt% MgO with height shows no correlation with the other 
parameters. Samples with<4wt% MgO are confined to the 
later lava flows of the Mull Plateau Group, when magma 
supply was dwindling. If these samples are eliminated, the 
MgO contents of the Mull Plateau Group and Coire Gorm 
lavas are very similar. The samples with MgO <4wt% have 
been removed from the other plots in Fig. 3 and in Fig. 2. The 
higher MgO content of the Coire Gorm lava flows compared 
to the evolved Mull Plateau Group, shows that the Coire 
Gorm flows represent a new influx of basic magma. 
The transition from negative to positive ANb at 700 in 
marks the first appearance of 'Icelandic' basalts in the Ben 
More sequence. ANb fluctuates between positive and negative 
values until sample BM83 at 820 m. After this point only the 
'Icelandic' source is sampled until the last two flows where 
ANb again becomes negative. The Central Mull Tholeiites and 
the N-lavas (lava flows from the central complex with normal 
magnetic polarity) plot in the N-MORB array (Fig. 2). There-
fore the geochemical trend in the lava flows of Mull is 
N-N1IORB-like to 'Icelandic', and then back to N-MORB-like. 
The Mull lava sequence has been dated by 40Ar/39Ar and this 
indicates that the whole Tertiary igneous sequence in Mull 
took only 3 Ma to form (L. M. Chambers & M. S. Pringle 
unpublished data). The base of the lava sequence (B!) was 
dated at 60.56 ± 0.3 Ma (la) and the geochemical transition at 
BM67 at 58.66 ± 0.25 Ma (let). Therefore it took 1.9 ± 0.4 Ma 
to form 700 in of basalt and for the basalt to change from 
N-MORB-like to 'Icelandic'. 
Conclusions. Major geochemical changes in the ancestral 
Iceland plume have been recorded in the Isle of Mull Tertiary 
plateau lavas and central volcano. The first 700 in of lava flows 
still preserved in Mull were sampling the relatively cool outer 
N-MORB part of the ancestral Iceland plume. As supply 
diminished these magmas started to fractionate and evolve. At 
700 in (1.9 Ma after the earliest magmatism) the first influx of 
'Icelandic' magma reached the surface. The basalts were now 
sampling the hotter inner zone of the ancestral plume. The 
decrease in Zr/Y at this point (Fig. 2) reflects an increase in the 
degree of melting. The two types seem to alternate for 120 in or 
nine flows until the 'Icelandic' magma dominated. The top 
two preserved flows suggest that N-MORB was becoming 
dominant again in this part of the BTIP. This is confirmed by 
the lava flows in the central complex which are also N-MORB-
like. The basic igneous rocks of Mull therefore provide a 
record of the initiation and spread of the Iceland plume at 
about 60 Ma. They strengthen the hypothesis (Fitton ci 0/. 
1997) that the plume head was zoned, with an outer sheath of 
hot ambient upper mantle surrounding a core of 'Icelandic' 
mantle. The data we present suggest that ANb is a powerful 
tool in defining the mantle source of the British Tertiary 
Igneous Province magmas. This was previously impossible as 
Sr-, Nd- and Pb-isotope ratios are affected by contamination 
with continental crust. 
This work was carried out as part of a NERC-funded PhD project 
(GT4196/871E). Rock samples and pressed powder pellets were 
supplied by A. Kerr and P. Dagley. M. Pringle and B. Hardarson 
are thanked for helpful discussion and L. Newcombe for assistance 
in the field. The constructive comments of J. Baker, R. Taylor and 
an anonymous referee are also acknowledged. 
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Initiation of magmatism in the North Atlantic Igneous Province 
LYNNE M. CHAMBERS and MALCOLM S. PRINGLE2 
Department of Geology and Geophysics, University of Edinburgh, West 
Mains Road, Edinburgh, EH9 3JW, UK. 
2 	Scottish Universities Environmental Research Centre, Rankine Avenue, 
Scottish Enterprise Technology Park, East Kilbride, Glasgow G75 OQE, UK. 
The relative chronology of magmatic and tectonic events is key to an 
understanding of the influence of the Iceland plume on the North Atlantic. In 
particular, the location and duration of magmatism during the early development 
of the plume is of fundamental importance. Initial widespread flood basalt 
formation occurred in Baffin Island, Greenland and Britain before complete plate 
break up at 56 Ma after which time magmatism became concentrated in the zone 
of active rifling. 
Historically the British Tertiary Volcanic Province has been instrumental in 
advancing many concepts of igneous petrology. However, the absolute age and 
duration of the province remains unresolved. We present new internally 
consistent 40Ar/39Ar ages that constrain the duration of igneous activity in the 
British province to 3 m.y. and discuss the implications that these ages have for the 
whole North Atlantic in particular the timing and location of initial magmatism. 
Keywords: Absolute ages; 40Ar/39Ar; timescale; Scotland; Tertiary 
Introduction 
The rapid erosion and subsequent magmatism seen in the British Tertiary 
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Volcanic Province (BTVP) has been linked to the impingement of the ancestral 
Iceland plume on the base of the lithosphere in the North Atlantic region. The 
British Tertiary Igneous Province is composed of numerous igneous centres with 
early plateau lava successions cross cut by central plutonic complexes and the 
NW-SE trending dyke swarm. Stratigraphic relationships within each igneous 
centre are well defined allowing the order of formation to be determined (Emeleus 
and Gyopari, 1992). Unfortunately, very few cross cutting relationships exist 
between igneous centres making relative correlation difficult. 
Radiometric ages for the BTVP are summarised in Table 1 and range from 62.8 
Ma, for the earliest plateau lavas (tuff horizons dated by Pearson et al., 1996) 
through to a 52.1 Ma Rb-Sr isochron age for the Sgurr of Eigg pitchstone (Dickin 
and Jones, 1983). Therefore, prior to this study the BTVP was thought to have 
formed during a 10 Ma period with the bulk of magmatism occurring between 62 
Ma and 57 Ma (Mussett etal., 1988; Pearson etal., 1996). 
We present 40Ar/39Ar ages for the two Muck tuffs and the Sgurr of Eigg pitchstone 
in addition to new ages for Skye and Mull (Chambers and Pringle, submitted). 
This work suggests that the whole of the BTVP formed within 3 m.y. 
commencing around 60.5 Ma. 
Methodology 
Individual sanidine crystals were separated from the two Muck tuffs and Eigg 
pitchstone sample for 40Ar/39Ar dating at SUERC, East Kilbride. The sanidine 
samples were leached in warm (50°C) 6M HC1 for 20 minutes and the Muck tuff 
samples (MT2 & 3) were also leached in cold 1M HF for 10 minutes, in order to 
remove any remaining oxidised glass groundmass. A split of each of the MT2 
and MT3 samples were then loaded into copper packets and irradiated in Oregon 
(more details can be found in Chambers and Pringle, submitted). A second split 
of the MT2 sample was handpicked, the individual crystals loaded into copper 
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trays and then irradiated at the Petten Rodeo reactor for three hours. The 
individual crystals were then analysed by laser total-fusion and incremental-
heating analysis with a CO2 laser on a Map 215/50 rare gas mass spectrometer 
(Map 2). Once irradiated, the MT2 and MT3 samples plus the appropriate 
sanidine standards were removed from the copper packets and loaded into copper 
trays for analysis on another Map 215 rare gas mass spectrometer (Map 1). 
Individual crystals of sanidine and glass were hand picked from the Sgurr of Eigg 
pitchstone, loaded into copper trays and then irradiated at the Petten Rodeo 
reactor for three hours. The flux standard J was monitored in every copper tray, 
and at 20mm height intervals in the Oregon irradiation, using the USGS standard 
sanidine 85G003 at 27.92 ± 0.04 Ma and Fish Canyon Tuff sanidine at 27.61 Ma. 
Results 
To be accepted as valid estimates of crystallization ages the results presented here 
must meet the rigorous selection criteria of Pringle (1992) and Singer and Pringle 
(1997). All of the results and the weighted mean ages can be found in Table 2, any 
experiments that failed the selection criteria are shown in italics. 
The two Muck tuff samples (MT2 and MT3) were analysed in two batches by 
laser total-fusion, with a total of 24 crystals giving an isochron age of 60.66 ±0.15 
Ma for Muck tuff 2 and 24 crystals giving an age of 60.50 ±0.13 Ma for Muck tuff 
3. The freshest of these sanidines, from Muck tuff 2, was additionally analysed 
using laser step-heating and total-fusion analysis, these results are shown in Table 
2. The individual step-heating experiments gave a weighted mean age of 60.60 
±0.11 Ma for Muck tuff 2 (MT2) and the total-fusion of 13 crystals gave an age of 
60.53 ±0.18 Ma. Sample MT3 was also analysed by incremental-heating analysis, 
the results of which are shown in Table 2, gave a combined age of 60.42 ±0.09 
Ma. Final weighted mean ages of 60.65 ±0.07 Ma for the Muck tuff 2 sample and 
60.44 ±0.07 Ma for the Muck tuff 3 sample are obtained using all of the individual 
experiments. Figure 1 shows example age spectra for the two tuff samples. 
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Sgurr of Eigg Pitchstone 
Sanidine and glass samples from the Sgurr of Eigg pitchstone were analysed by 
laser incremental-heating, with a second sample of the sanidine analysed by laser 
total-fusion. Incremental-heating experiments on the Eigg sanidine gave a 
weighted mean age of 58.73 ±0.08 Ma, and the total-fusion experiments a 
weighted mean age of 58.67 ±0.18 Ma. A combined age of 58.72 ±0.07 Ma is 
used for the sanidine from the Sgurr of Eigg, based on a weighted mean age from 
all of the sanidine experiments. In contrast to the sanidine ages, the glass from the 
pitchstone gave much younger plateau ages of 47.80 ±0.34 Ma and 50.39 ±0.59 
Ma. These two step-heating experiments give a weighted-mean age of 48.45 
±0.29 Ma for the glass. The difference in age between the sanidine and the glass 
from the Sgurr of Eigg pitchstone, and the disturbed age spectra for the glass, 
suggests that the glass has been altered. The results from these experiments are 
summarised in Table 2 and can be found in full in the appendix. The Dickin and 
Jones (1983) Rb-Sr isochron age of 52.1 Ma used the sanidine, glass and a whole 
rock sample to construct the isochron. The young and non-repeatable ages fort he 
glass samples form the Sgurr of Eigg provides an explanation of why there is a 
discrepancy between the Rb-Sr isochron and the new sanidine 40Ar/39Ar ages 
presented here. If either the K or Ar has been mobilised, as indicated by the young 
glass ages and the age spectra (Figure 1), then it is entirely possible that the Rb 
and Sr have also been mobilised, thus rendering the Dickin and Jones (1983) 
isochron unreliable. 
Discussion 
The discrepancy between the Pearson et al. (1996) ages for the two Muck tuffs 
and the ages presented here is not so easily explained. Pearson et al. (1996) dated 
one crystal by laser incremental-heating from each of the Muck tuff samples and 
obtained 40Ar/39Ar ages using the standard MMhb at 520.4 Ma (Samson and 
Alexander, 1987). The ages presented here use the USGS sanidine standard 
85003 at 27.92 Ma, which is relative to the USGS K-Ar biotite standard S133 at 
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162.9 Ma. This age for S133 would correspond to an age of 514.0 for MMhb 
(Pringle, 1992). Our age for the Muck tuffs would be 61.48 Ma and 61.31 Ma if 
we used the MMhb standard at 520.4 Ma as used by Pearson et al. (1996). The 
discrepancy of 2.2 m.y. is therefore too great to be explained by recalibration of 
the ages to the same standard. 
As the 40Ar/39Ar dating technique relies on the known age of the standard, 
samples of the K-T tektite are also analysed along with the unknowns for use as 
an additional check. During this work a weighted-mean age for the K-T tektite 
was found to be 64.813 ± 0.03Ma, which corresponds to the value of 65.00 Ma 
used in the presently accepted time scales of Berggren et al. (1995) and Cande 
and Kent (1995). We believe that the weighted mean ages of 60.61 ±0.08 Ma and 
60.45 ±0.07 Ma based on a total of 70 crystals dated by total-fusion and laser 
incremental-heating (using the USGS sanidine standard 85003 at 27.92 Ma) are 
now the most reliable ages available for the Muck tuffs. This age for the Muck 
tuffs is further reinforced by an absolute U/Pb age of 60.19±0.2 Ma on sphene 
from Muck tuff 2 (Chambers, Parrish and Pringle, unpublished data). The U/Pb 
age is not relative to any standards and provides an absolute tie point for the 
40Ar/39Ar ages presented here. 
As the K-T tektite is a calibration or tie point for the geomagnetic timescale, the 
new ages for the BTVP presented here can be directly placed within the timescale. 
The Muck tuffs are now known to occur within Chron 26r (60.92-57.91 Ma, 
Berggren et al., 1995) rather than Chron 27r as previously believed. The Sgurr of 
Eigg pitchstone now occurs during Chron 26r and not Chron 23r and can no 
longer be assumed to be the youngest igneous event in the province. On the basis 
of the new 40Ar/39Ar ages the Eastern Redhills of Skye (Chambers and Pringle 
submitted) and the Mourne Mountains in Ireland (Chambers, unpublished data) 
now appear to be the youngest events in the British province. 
Confining the duration of igneous activity in the BTVP to 3 m.y. has implications 
Appendix A2. Chambers and Pringle (submitted, a) 	 167 
for the relative timing of the North Atlantic Igneous Province. Previous age dates 
from the BTVP, the new ages presented here, ages for west and other rocks from 
the NAIP are plotted on the magnetic timescale of Berggren et al. (1995) (Figure 
2). The Muck lavas, dated via the interbedded sanidine bearing tuffs, have 
reversed polarity as do the majority of samples from the BTVP, however early 
lava flows at the base of the West Greenland succession (Vaigat Formation) have 
normal magnetic polarity (Hald, 1977; Riisager and Abrahamsen, 1998). Reversed 
polarity lavas from higher in the Vaigat Formation with an age of 60.5 Ma (Storey 
et al., 1998) plot within Chron 26r, implying that the lower lava flows with 
normal polarity plot in Chron 27n. As Muck is now known to be the same age as 
the reversed lava succession in the Vaigat Formation (Figure 2), the normal 
polarity lavas at the base of the Greenland succession are now believed to be the 
first onshore manifestation of the ancestral plume in the North Atlantic. 
As the majority of volcanism in the BTVP and other onshore areas of the NAIP 
occurred during the 3 m.y. period corresponding to Chron 26r (Figure 2) reversals 
in magnetic polarity seen in the BTVP has consequences for the geomagnetic 
timescale. The well-defined stratigraphic relationships within the BTVP have 
allowed a detailed determination of the changes in magnetic polarity to be made 
(Dagley and Mussett, 1986; Dagley and Mussett, 1981; Dagley et al., 1987; 
Dagley et al., 1990). In Skye, for example, there are no fewer than seven 
recorded changes in magnetic polarity (Dagley et al., 1990). The new ages 
presented here and the ages in Chambers and Pringle (submitted) show that all of 
these reversals occur during 26R. As the Ar-Ar ages presented here and in 
Chambers and Pringle (submitted) are all internally consistent and correlate to the 
K-T boundary, these changes in polarity within 26r have to be accounted for. One 
possible explanation involves the pattern of tiny wiggles recorded in seafloor 
spreading records described by Cande and Kent (1 992a and b) as cryptochrons. 
Seven of these wiggles can be seen in Chron 26r. However, Cande and Kent 
(1992b) conclude that these were changes in intensity and not true changes in 
polarity. Our work in the BTVP suggests that the changes in polarity recorded in 
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the BTVP, now known to occur within Chron 26r, means that some of the 
cryptochrons described by Cande and Kent (1992a and 1995) could be true 
reversals and not intensity changes. 
The later normal events found in the BTVP, for example the formation of Centres 
2 and 3 in the Mull volcano, involve large numbers of intrusions and the 
development of large central volcanoes which means that they are unlikely to 
record short cryptochrons (30,000 years in duration). A second explanation is 
simply that the larger events are formed during 26n. This is possible because the 
K-T boundary is a well calibrated tie point whereas the Palaeocene Eocene 
boundary is not (Berggren etal., 1995). As the position of the polarity intervals 
are calculated using constant seafloor spreading rates between these two tie points 
it is entirely possible that by accurately calibrating the P-E boundary the position 
of 26n would move. This does not however account for all of the smaller igneous 
events that record other earlier changes in polarity during Chron 26r (Chambers 
and Pringle, submitted). The existence of at least two cryptochrons within Chron 
26r are still required to satisfy the changes in magnetic polarity recorded in the 
BTIP. 
Conclusions 
Rapid eruption of the BTVP occurred in 3 m.y., beginning simultaneously in most 
areas at about 60.5 Ma. The Eigg Lava Formation dated by a sanidine bearing 
tuff layer is now considered to be 60.5 Ma and not 62.8 Ma as previously 
published (Pearson etal., 1996). The lowest lavas of the Vaigat formation in 
Greenland, with normal magnetic polarity, are therefore the oldest rocks so far 
indirectly dated from the NAIP. This is consistent with a plume centred towards 
Greenland. Early magmatism occurred later in localised thinspots during Chron 
26r (Thompson and Gibson, 1991). In the BTVP itself all volcanism had ceased 
by the time of break up at 56 Ma. 
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The dating of the Sgurr of Eigg pitchstone has constrained the duration of the 
BTVP to be 3 m.y. and not 10 Ma as previously suggested. The 3 m.y. duration 
includes the formation of the central volcanoes. This implies that the early 
plateau lava successions formed much more rapidly than previously believed. In 
Mull, for example, lava eruption occurred for 1.51 Ma ± 0.4 (Chambers and 
Pringle, submitted). The total minimum volume of plateau lava flows is estimated 
at 5800 km3. This corresponds to an eruption rate of 2.93 x10 3 km3/yr, assuming 
a maximum duration of 2 m.y. with steady state eruption. The volume of the 
plateau lava flows in the BTVP (5800 km3) is an order of magnitude lower than in 
West Greenland and Baffin Island (55,000km3, Saunders et al., 1997), which may 
relate to the location of the BTVP at the more distal edges of the ancestral plume. 
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Figure captions 
Table 1. A summary of available radiometric ages for the BTVP before this 
study. 
Table 2. A table summarising the ages for the Muck tuffs and the Sgurr of Eigg 
pitchstone. Individual experiments are listed and weighted mean ages calculated 
and shown in bold. All of the 40Ar/39Ar ages presented here are relative to the 
USGS standard sanidine 85003 at 27.92 Ma and the K-T boundary at 64.813 
±0.O3Ma. 
Figure 1. Representative age spectra diagrams for the two Muck tuffs (2 and 3) 
and the sanidine and glass from the Sgurr of Eigg. Arrows show the steps used in 
the plateau age calculation. All ages are shown with errors of± 2 standard 
deviations. The young age for the glass from the Sgurr of Eigg compared to the 
sanidine age shows that the glass is altered on a scale that was not visible on a 
Scanning electron microscope. All ages shown here are relative to the USGS 
standard sanidine 85005 at 27.92 Ma and the K-T boundary at 64.813 ±0.03Ma. 
Figure 2. A schematic diagram showing the timescale of Berggren et al. (1995) 
and the latest ages for the BTVP. Ages for other areas in the NAIP are shown. 
The ages for the BTVP begin at 60.5 Ma and end at 58 Ma. The Dickin and 
Jones (1983) Rb-Sr age for the Sgurr of Eigg pitchstone is shown for comparison. 
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By refining the duration of the BTVP, the earliest manifestation of the Iceland 
plume can be seen to be in West Greenland (Storey etal., 1998; Sinton etal., 
1998) nearer to the proposed plume centre. The Palaeocene-Eocene boundary is 
shown at 55 Ma but with the errors included. 
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Location Rock type Detailsj Agej Error Type Reference : 
Muck lavas basal 63.00 3.40 Ar-Ar Dagley and Mussett, 198 
sanidine Nr base of lavas 62.80 0.60 Ar-Ar Pearson eta! 	199 
sanidine Nr base of lavas 62.40 0.60 Ar-Ar Pearson eta!, 199 
Eigg pitchstone An Sgurr 52.10 0.50 Rb-Sr Dickin and Jones, 1983  
lava base lavas Eigg 6330 1.80 Ar-Ar Dagley and Mussett, 1986  
Rum granophyre Western Rhum 59.80 0.40 Ar-Ar Mussett, 1984  
lava  61.40 0.4 Ar-Ar Mussett, 1 984 
peridotite layered complex 60.53 0. U/Pb Hamilton eta!, 1998 
Ardnamurchan  C3 60.00 1.70 Rb-Sr Beckinsdale and Walsh 
C3 60.50 2. K-Ar Michell and Reen, 1972 
Mull felsite Loch Ba 56.50 1.0 Ar-Ar Mussett, 1986 
granite C3  58.20 1.3 Rb-Sr Walsh eta!, 1979 
lavas  60.00 0.5 Ar-Ar Mussett, 1986 
Skye wholeffsparl Beinn an Dubhaich 53.50 0.4 Rb-Sr Dickin, 1981 
gabbro Cuillins 58.91 0.07 U/Pb Hamilton eta!, 1998 
sill  54.90 0.6 Ar-Ar Mussett eta!, 1988 
granite Loch Ainhort Granite 58.70 0.9 Rb-Sr Dickin, 1981 
feldspar Coire Uaigneich granite 59.30 0.70 Rb-Sr Dickin, 1981 
Arran gtz porph dykes 58.50 0.80 Ar-Ar Mussett of a!, 1987 
granite northern 60.30 080 Rb-Sr Dickin eta!, 1981 
granitel northern 6030 0.6 Ar-Ar Evans eta!, 1973 
Antrim gabbro early 58.70 1.2 Ar-Ar Thompson, 1986 
Granite Mourne G1 56.20 01 Ar-Ar Gibson ot al, 1995 
Granite Mourne G2 58.10 1.6 Ar-Ar Evans eta!, 1973 
Granite Mourne G2 54.90 1.2 Ar-Ar Thompson eta!, 1987 
Granite Mourne G3 56.40 010 Ar-Ar Gibson et al, 1995 
Granite Mourne G4 56.00 0.4 Ar-Ar Gibson at a!, 1995 
Granitel Mourne G4 54.50 0.801 Ar-Ar Thompson eta!, 1987 
Granite Mourne G5 58.00 1.60 Ar-Ar Evans eta!, 1973 
Granite Mourne G5 54.60 1.00 Ar-Ar Gibson of a!, 1995 
dyke culling Mourne G5 53.10 1.00 Ar-Ar Thompson eta!, 1987 
Granophyre Carlingford 60.96 0.50 Ar-Ar Thompson, 1986 
Rhyolite Tardree 60.70 0.60 Ar-Ar In Meighan eta!, 1988 
Granite Mourne Gi 56.40 1.40 U/Pb Gamble of a!, 1999  
Granitel Mourne G2 56.301 0.80 U/Pb Gamble eta!, 1999  
Granite Slieve Gullion 56.50 1.30 U/Pb Gamble eta!, 1999  
Obsidian Tardree 58.40 0.70 U/Pb Gamble eta!, 1999  
Obsidian Sandy Braes 59.0  Ar-Ar Thompson eta!, 1984 
dyke Blind rock 61.70 0.50 Ar-Ar Thompson, 1986 
Rhyolite Tardree 64.60 5.00 fisson Fitch and Hurford, 1977 
Rhyolite Tardree 65.50 3.60 flsson Fitch and Hurford, 1977 
Blackstones basalts 8 samples 58.60 0.90 K-Ar Mitchell eta!, 1976 
Helen's reef microgabbrol 3km east Rockall 79.00 3.00 K-Ar Harrison of a!, 1975 
microgabbro 3km east Rockall 114.0 3.00 K-Ar Harrison at a!, 1975 
Lundy granite  54.80 1.40 Ar-Ar Fitch at a!, 1 969 
dykes 56.40 0.30 Ar-Ar Mussett eta!, 1 988 
granite  57.00 2.00 Rb-Sr Mussett eta!, 1 988 
Rockall granite  54.00 4.00 Rb-Sr Hawkes eta!, 197 
granite  54.00 4.00 Rb-Sr Hawkes eta!, 197 51 
granite  57.00 7.00 Rb-Srj Hawkes eta!, 197 
St Kildal granitel Conachairl 55.00 0.50 Rb-Srl Brook, 1984 
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Age and duration of the Isle of Mull Tertiary igneous centre, Scotland, and 
the confirmation of subchrons during Anomaly 26r. 
LYNNE M. CHAMBERS' and MALCOLM S. PRINGLE2 
Department of Geology and Geophysics, University of Edinburgh, West Mains 
Road, Edinburgh, EH9 31W, UK 
2  Scottish Universities Environmental Research Centre, Rankine Avenue, Scottish 
Enterprise Technology Park, East Kilbride, Glasgow G75 OQF, UK 
The duration of activity that produced the Isle of Mull Tertiary igneous centre has 
been constrained to 2.52 ±0.36 m.y. (icy) using high-resolution 40Ar/39Ar 
radiometric-dating dating techniques. New 40Ar/39Ar ages for Mull and also one 
from Skye presented here, confine the duration of igneous activity to within one 
superchron (3 m.y. of Chron 26r). As the Mull and Skye Tertiary centres record a 
sequence of magnetic reversals and normals, these changes in magnetic polarity 
are recording tiny wiggles in the palaeomagnetic record, related to cryptochrons or 
fluctuations in the intensity of the magnetic direction. Recalibration of the tie 
points used to determine the timescale could not account for all of these changes 
in polarity. We propose that the new ages for the Isle of Mull Tertiary centre and 
also the Skye Tertiary centre indicate that these large parts of the British Tertiary 
volcanic province developed fast enough to record the tiny fluctuations in the 
geomagnetic record, accepted in the more recent parts of the geomagnetic 
sequence and visible in the sea-floor magnetic record. 
Keywords: 40Ar/39Ar, Mull, Skye, cryptochron, subchron, palaeomagnetic 
polarity and tiny wiggles. 
Introduction 
The majority of the Isle of Mull comprises one of several igneous centres formed 
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during the Tertiary that collectively are known as the British Tertiary Igneous 
Province (BTIP), the most eastern manifestation of igneous activity within the 
wider North Atlantic Large Igneous Province. With an area of 941 km2, Mull is 
one of the largest of the individual centres within the BTIP. As with the majority 
of the BTIP, development of the Mull Tertiary centre began with NW-SE trending 
fissure eruptions that produced 2 km (Walker, 197 1) of lava flows, 1000 m of 
which is still present today. Fissure eruptions eventually gave way to the 
development of a central volcano and finally the regional dyke swarm cut the 
whole area. Cross cutting arcuate intrusions (Bailey, 1924) within the sub-
volcanic root show that the igneous activity was concentrated around three 
centres; Cl, C2 and C3, which moved progressively north-westwards through 
time (Figure 1). The last intrusion within the central complex, the Loch Ba ring 
dyke, is cut by the NW-SE trending Mull regional dyke swarm. 
Previous 40Ar/39Ar dates have placed the base of the Mull lava pile at 60 ± 0.5 
(l(T) Ma and the Loch Ba ring dyke at 56.5 ± 1 (I a) Ma (Mussett, 1986). This 
study provides new, higher resolution, °Ar/Ar ages for the stratigraphic 
development of the Mull lava pile and central volcano. Developments of the 
40Ar/39Ar dating technique, using calibration with better known standards, have 
allowed the timing of igneous activity in Mull to be more tightly constrained. 
Analytical Technique 
Radiometric dates are obtained from 40Ar/39Ar incremental heating analysis of 
whole rock (250-500 p.m) and felsic concentrate (106-250 jtm) sieved fractions 
that were prepared in Edinburgh. Following petrographic examination of 
approximately 100 thin sections from throughout the stratigraphy in Mull, 12 were 
deemed suitable for 40Ar/39Ar analysis. Using samples with known magnetic 
polarity (SO! 7 and S033, Dagley et al., 1987) will allow direct correlation 
between the geomagnetic timescale and the radiometric ages. 
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The irradiation flux factor (J) was monitored approximately every 20 mm using 
the USGS standard Taylor Creek rhyolite sanidine 85G003 at 27.92 Ma. All errors 
are reported as one standard deviation of analytical precision unless otherwise 
stated. A more detailed description of the 40Ar/39Ar analytical procedure can be 
found in Singer etal. (1999) and Hardarson etal. (1997) and details of the 
irradiation conditions can be found in Chambers (2000). 
Results 
The reliability of each 40Ar/39Ar date is assessed using the criteria of Pringle 
(1993) and Singer and Pringle (1996). Data from the incremental-heating 
experiments are presented in Table 1 and the complete analysis of each sample can 
be found in the appendix. Age spectra diagrams for all of the incremental-heating 
experiments, which fulfilled the aforementioned criteria, can be seen in Figure 2. 
Of the twelve Mull samples analysed, eight met all of the criteria. Of those eight, 
sample B  preserves McCulloch's tree at the base of the plateau lava succession in 
the west of the island. BI reached an incremental-heating crystallisation age of 
60.56 ± 0.3 Ma., which coincides with the 60.5 ± 0.5 Ma. weighted mean age of 
Mussett (1986) for the base of the lava succession. BM64 and BM67 (3 flows 
above BM64) are lavas sampled by Kerr (1993) from the Ben More sequence. 
These lavas are the highest (at approximately 700m above sea level) in the lava 
succession that were analysed. Both yield concordant apparent plateau ages, 
which are within error of each other. The best age estimate of these BM samples is 
a weighted mean age of both experiments at 58.38 ±0.19 Ma. 
Plateau lava eruption eventually was superseded by the development of a central 
volcano. Samples S033 and S017 are lavas from within the first of the three 
central volcanoes. These samples have normal magnetic polarity (Dagley et al., 
1987). S033 reached an apparent age plateau at 58.94 ±0.3 Ma., whereas S017 
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contained slight excess argon so the isochron age of 59.66 ±0.64 Ma. is the best 
estimate of the crystallisation age of this sample. The combined weighted mean 
age of 59.05 ±0.27 Ma. is used as the age of the SO or centre I samples. This 
weighted mean age is older than that for the BM samples, which occur earlier in 
the magmatic succession. Analysis by 8180  shows that the BM samples are highly 
altered by hydrothermal fluids (Chambers, 2000) with low 61 80 values. The age 
for the BM samples should be treated with caution as it possibly represents the age 
of a later hydrothermal event. 
The SO weighted mean age is further re-enforced by ages for the younger Loch Ba 
ring dyke and the crosscutting dykes. Sample LB 1 is a sanidine concentrate from 
the Loch Ba ring dyke, which was the last igneous event within the central 
volcano (0). It gave an age of 58.48 ± 0.1 Ma. The cross cutting dykes of MD1-
MD3 give similar ages of 58.0 Ma. MD1 and MD3 are the same rock; MDI was 
the whole rock and MD3 a felsic concentrate. A weighted mean age using all 
three dyke sample ages at 58.12 ±0.13 Ma. Provides the best age for the 
crosscutting dykes. 
Correlation of the magnetic history to the time scale 
Detailed palaeomagnetic studies of the Mull volcano have been carried out by 
Dagley et al. (1987), Ade-Hall (1974) and Mussett etal. (1980). Mussett et al. 
(1980) conclude that Mull had a palaeomagnetic sequence of Reversed-Normal-
Reversed (R-N-R), assuming overprinting. They suggested that the central group 
lavas were normally polarised by overprinting of a later event or by slow cooling 
which produced an apparent sequence of R-N-R-N-R rather than R-N-R. Later 
palaeomagnetic work by Dagley etal. (1987), which sampled the central complex 
in more detail, showed that there was a minimum of 7 reversals. However, 
available 40Ar/39Ar ages confined the number of reversals and normals to only 3 
(R-N-R sequence) corresponding to Chrons 26r, 26n and 25r. Overprinting was 
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therefore required to cause the other apparent reversals and normals. If no 
overprinting is assumed then there is a minimum of 7 reversals and normals 
recorded in the Mull centre (Dagley et al., 1987). Using the new 40Ar/39Ar ages 
presented here (Table 1) to constrain the timing of the Mull volcano and the 
palaeomagnetic results of Dagley etal. (1987), all seven short reversals and 
normals fall within one long magnetic reversal, 26r (using the timescale of 
Berggren et al., 1995). The samples S033 and LB  that have normal magnetic 
polarity both now have ages that plot well within 26r. Whether the rocks of Mull 
have been overprinted or not, the new dates show that the whole of the sequence 
occurred within one superchron, 26r (60.92-57.91 Ma, Berggren et al., 1995). 
Overprinting is no longer required to explain the extra reversals and normals 
found by Dagley etal. (1987), especially where the samples do not show a 
secondary magnetic component. In addition to Mull, the Tertiary centre of Skye 
also records a pattern of reversals and normals (Dagley et al., 1990), however 
because the existing Ar-Ar ages from Skye (Dagley et al., 1990) had large 
associated errors, these reversals in magnetic polarity were believed to be real and 
not due to overprinting. 
Models that account for normal polarity events within Chron 26r 
Three models that seek to account for normal polarity events within Chron 26r are 
presented here and discussed in turn. 
The first model assumes that the normal polarity events are the result of later 
overprinting. A detailed look at the palaeomagnetic data and the cross cutting 
relationships in Mull reveals an apparently complicated magnetic history. Firstly, 
there are 1 000m plateau lava flows that can be traced from the west coast to the 
top of Ben More, all of which have reversed polarity. These plateau lavas are cut 
by Centre 1 (Cl) of the central complex. Within Cl are lava flows and pillow 
lavas that formed during an eruption into a caldera lake. Inside the main ring fault 
Appendix A3. Chambers and Pringle (submitted, b) 	 183 
of the caldera these lavas have normal magnetic polarity and outside the ring fault 
they have reversed magnetic polarity. The lavas within the central complex that 
possess N polarity show no evidence for a secondary component during 
demagnetisation (Dagley et al., 1987). Correlation across the ring fault is 
difficult, so that these lavas with different polarity could be of a slightly different 
age. Samples S033 and S017 are lavas flow from inside the ring fault and have 
normal magnetic polarity, whereas the remaining intrusions of Cl have R polarity, 
including the early acid and basic cone sheets. These suites of cone sheets can be 
shown in the field to cut the lavas inside the caldera (N polarity) (Emeleus and 
Gyopari, 1992). This places the timing of these Normal polarity pillow lavas in-
between the plateau lavas (R) and the intrusions ofCl (R). The intrusion of acid 
cone sheets (N polarity) and later cone sheets cutting Cl (R, N and intermediate 
polarity) mark the beginning of C2. The remainder of C2 has N polarity, as does 
the whole of Centre 3, including the Loch Ba ring dyke. The last igneous event on 
Mull, the cross cutting dykes, have R polarity. This gives a total of seven changes 
of polarity recorded in the Mull succession (Dagley etal., 1987). 
The preservation of cross cutting relationships with rocks of different magnetic 
polarity implies that no major widespread overprinting has occurred. Most 
samples show no significant amount of secondary magnetic polarity, but a 
secondary magnetisation component can be seen and removed from the Glen More 
ring dyke to give the primary magnetisation direction (Dagley et al., 1987). This 
also suggests that complete overprinting has not occurred within the central 
complex. 
The second and third models involve the existence of smaller magnetic events 
within a larger Chron. Cande and Kent (1992a) found distinctive and coherent 
patterns of tiny wiggles in the sea-floor magnetic patterns during Chron 26r, 
which were superimposed onto the long reversals (superchrons) (Figure 3). These 
patterns are also visible on fast spreading ridges in the Indian Ocean and the South 
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East Pacific. These patterns of tiny wiggles, or cryptochrons, can be attributed to 
slight fluctuations in the intensity of the geomagnetic field (Cande and LaBrecque, 
1974), or short polarity intervals (Blakely, 1974). Cryptochrons, as defined by 
Cande and Kent (1992a), are modelled magnetic anomalies that are less than 30 
kyr in duration, in a calibrated timescale, and are reversals that occur with a 
wavelength of 8-25 Km and an amplitude of 25-100 nT. In their revised 
timescale, Cande and Kent (1992b) propose the existence of 7 cryptochrons in 
Chron 26r (see Figure 3). Cryptochrons are only used in the timescale when they 
are converted to subchrons based on stratigraphy. Cande and Kent (1 992b) 
modelled the wiggles seen in 26r and proposed that they were due to variations in 
paleointensity and not true reversals. 
Normal polarity events seen in Mull could be evidence that true small reversals in 
polarity can be seen within Chron 26r. If all of these changes in polarity are 
cryptochrons, it is likely (as they are only 30 kyr in duration) that there is a R 
polarity period between C2 and C3, making nine changes in magnetic polarity, as 
is shown in Model one in Figure 4. The detailed magmatic history and cross 
cutting relationships provide a control that exists on Mull, which is of fundamental 
importance in determining the existence of cryptochrons. 
Model three also uses an alternative possibility for the lack of correlation between 
the palaeomagnetic history and the 40Ar/39Ar ages that should be considered and 
relates to the way that the geomagnetic timescale is produced. Tie-points in the 
timescale are fixed using 40ArI39Ar ages or biostratigraphic evidence. The 
thickness of the magnetic stripes are measured between two tie points and the 
duration of the reversals and normals are calculated using constant sea-floor 
spreading rates. The time scales of Cande and Kent (1995) and Berggren etal. 
(1995) use nine tie points to calibrate the seafloor spreading curve during the 
Cenozoic. In Berggren etal. (1995) and Cande and Kent (1995) the tie points 
relevant to the position of Chron 26r are the Cretaceous-Tertiary (K-T) boundary 
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(65 Ma) and the Palaeocene-Eocene boundary (55 Ma). The K-T boundary is 
constrained by a weighted mean Ar-Ar age of 64.6 Ma (Swisher et al., 1992 & 
1995) and 65.44 ±0.07 Ma from Dalrymple etal., (1993). The Palaeocene - 
Eocene boundary is less well constrained and is based on and age of the —17 ash 
layer within the Mo clay sequence, Denmark. The weighted mean age of 55.07 
±0.16 published in Berggren etal. (1992) but obtained by J.D. Obradovich, and 
ages from Swisher and Knox (1991, unpublished data) for the British equivalents 
of the —17 ash at 54.51 ±0.05 Ma. and 54.56 ±0.14 Ma. are used. The —17 ash is 
also present in DSDP well 550 where it lies 7m above the NP9/NP1O calcareous 
nanofossil zonal boundary (Berggren etal., 1995). An age of 55 Ma for this zonal 
boundary was estimated by Swisher and Knox (199 1) and was first used by Cande 
and Kent (1992) for the Palaeocene-Eocene boundary. Recent work on DSDP 
Hole 550 by Ali and Hailwood (1998) suggests that the original magnetic 
stratigraphy for this hole was in error and the position of the base of Chron 24n in 
the geomagnetic timescale should be older than its present position. If the position 
of the Palaeocene—Eocene tie point is adjusted, when more reliable ages are 
available, then it would need to be at least 0.5 Ma older than its present position to 
correspond to the youngest age for an intrusion with normal polarity in Mull. 
However, all of the intrusions in Centre 3 have normal magnetisation, and the LB 1 
age is for the last of these intrusions. The sequence of seven or even nine 
stratigraphically controlled reversals and normals recorded in Mull cannot be 
explained by only making Chron 26n older. This does not mean that the last 
normal polarity events recorded in Centres 2 and 3, or even just Centre 3, could 
not be Chron 26n. Cross cutting relationships mean that adjusting the positions of 
the Chrons cannot account for all of the changes in magnetic polarity and at the 
existence of at least two cryptochrons is needed to explain all of the events. 
Discussion 
The 40Ar/39Ar ages presented here were are relative to the USGS standard Taylor 
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Creek rhyolite sanidine 85G003 at 27.92 Ma which is equivalent to Fish Canyon 
tuff sanidine at 27.62 ±0.02 Ma. These standard values give an age of 64.81 ±0.03 
Ma for K-T tektite measured at SUERC during the course of this study. This age 
is in line with the 65 Ma used in both Cande and Kent (1995) and Berggren etal. 
(1995) for the K-T tie point. Unlike changing the position of the Palaeocene—
Eocene boundary, if the K-T tie point is moved then all of our ages would have to 
be adjusted in response. As the 40Ar/39Ar technique relies on the ages of standards 
used, Renne et al. (1998) have published a list of suggested standard values. The 
sanidine standards used in this study correspond to an age of 514.0 ±1.1 Ma 
(Pringle, 1993) for the McClure Mountain hornblende (MMhb-1) not the 523.1 
Ma suggested by Renne etal. (1998). If the Renne etal. (1998) value is used then 
the SUERC K-T tektite age would change to 66.13 Ma, which does not then 
correspond to the 65 Ma used in the time scale. Changing the ages of the 
standards used in this study in line with Renne etal. (1998) would make all of the 
ages older including the K-T tektite, but would not account for the presence of 
normal polarity events within Chron 26r. 
Recent work by Singer etal. (1999) uses the °Ar/Ar dating technique to 
separate magnetic reversals in the more recent parts of the timescale. By directly 
analysing the rocks thought to bracket the transitions between reversal events 
many previously joined events have been separated into different reversals. For 
example, three new ages from the Punaruu Valley, Tahiti thought to show the 
Cobb Mountain Normal Polarity Subchron show that they were, in fact, erupted 
about 76 k.y. after the Cobb Mountain event and so therefore show another new 
transition. They concluded that short-lived polarity events during the Matuyama 
reversed Chron show that there were no fewer than seven, and maybe more than 
eleven, attempts of the geodynamo to reverse between 1.18 and 0.78 Ma. If the 
geodynamo frequently tried to reverse in the more recent parts of the timescale, 
then the 3 m.y. duration of Anomaly 26r could indeed be subdivided by 
subchrons. There is no apparent reason to suppose that the frequent reversals are 
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only confined to the recent part of the timescale. Indeed, many superchrons 
contain subchrons throughout the geomagnetic sequence. 
Summary 
The models presented here can be used to explain the palaeomagnetic sequences 
seen in Mull and Skye and their lack of correlation to the present geomagnetic 
timescale, two of these models are shown in Figure 4. A third model assumes that 
the normal polarity events recorded in the rocks of Mull and Skye are overprinted. 
However, we do not consider this to be the case as the samples showed no 
secondary component of magnetisation and, if the normal polarity period was later 
overprinting, this implies that whole centres would have to be remagnetised and 
not selective suites of igneous intrusions. The remaining two models are shown in 
Figure 4 where Model 1 shows all of the normal polarity events as cryptochrons 
with the timescale unchanged, and Model 2 where normal polarity events of 
Centres 2 and 3 are correlated to Chron 26n in an older position. This model is 
considered to be more likely due to the numbers of large intrusions that comprise 
Centres 2 and 3. It is unlikely that this succession of intrusions would have 
formed in the short duration of cryptochrons. Model 2 does show that even if 
Centres 2 and 3 of Mull are recording Chron 26n then the existence of two 
cryptochrons is needed to explain the earlier normal polarity events. 
In addition to Mull, the Tertiary sequence of Skye also records a series of 
reversals in magnetic polarity. Dagley et al. (1990) found a total of nine reversals 
in Skye (Figure 4). Individual biotite crystals from the Loch Ainort granite were 
analysed by laser incremental-heating using a CO2 laser as part of this study. A 
weighted mean age of 58.58 ±0.13 Ma is based on a total of 4 incremental-heating 
experiments. As Figure 4 shows, this age means that the majority of the Skye 
Tertiary centre was also formed during Chron 26r. It is interesting to note that in 
Model 2 (Figure 4) the Loch Ainort granite corresponds to a reversed cryptochron 
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within Chron 26n, visible in some of the seafloor spreading records in Cande and 
Kent (1992a) shown in Figure 3. It may also explain why this short reversal is not 
seen in the Isle of Mull. As these new ages show, the rocks of Skye and Mull can 
be correlated using new Ar-Ar ages and palaeomagnetic sequences. 
Conclusions 
Using 1 c errors on the 40Ar/39Ar ages, the total time taken for the plateau lavas 
and the Mull Tertiary centre to form is 2.52 ±0.36 m.y. The measured 
palaeomagnetic sequence of R-N-R, if overprinting is assumed, when used in 
conjunction with the new ages shows that the whole igneous sequence in Mull 
formed within 26r (Berggren et al., 1995). As overprinting is no longer required 
to explain the nine possible reversals and normals on Mull then these all occurred 
during Chron 26r. Intercalibration of these ages to suggested values in Renne et 
al., (1998) does not change this, since it makes all of the ages older and further 
within 26r. The results from the K-T tektite show that our age of 64.81 ±0.03 Ma 
is directly comparable with the 65 Ma used in the geomagnetic time scale. Even if 
Chron 26n is made older through the more accurate calibration of the Palaeocene 
- Eocene boundary it cannot explain the complex stratigraphically controlled 
palaeomagnetic sequence on Mull. 
The new age of 58.58 ±0.13 Ma. for the Loch Ainort granite, Skye, also shows 
that the bulk of igneous activity forming this Tertiary centre occurred during 26r. 
The sequence of nine polarity reversals on Skye can be directly correlated to those 
on Mull. 
Rapid eruption and formation of Mull and Skye was fast enough to record 
cryptochrons during 26r that are visible in the sea-floor spreading record. Due to 
the discovery that during the more recent parts of the timescale the geodynamo 
attempted to reverse at least seven times in 0.5 m.y. (Singer et al., 1999) we 
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propose that the sequence of lavas and intrusions on the Isle of Mull and the Isle 
of Skye preserve such attempts during the 3 m.y. of Anomaly 26r. 
Biostratigraphic data (Bell and Jolley, 1997) suggests that the age of the Mull 
plateau lavas is 55 Ma. and the lava sequence of Isle of Skye is 58 Ma. This does 
not agree with the 40Ar/39Ar ages and the magnetic history and so suggests that the 
biostratigraphic age is somehow in error. 
The work was carried out as part of a NERC funded PhD project and was 
supported by NERC Grant GT4/96/87/E. Samples were kindly provided by Peter 
Dagley (S033 and S017) and Andrew Kerr (BM67 and BM64). Godfrey Fitton 
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Figure Captions 
Figure One. A simplified geological map of the Isle of Mull showing the location 
of the sample sites and the position of the three centres of igneous activity moving 
northwestwards with time. 
Figure Two. Age spectra for the eight samples that met all of the stratigraphic and 
statistical criteria of Pringle (1993) and Singer and Pringle (1996). K/Ca is also 
shown for each experiment. The arrows mark the steps that were used in the 
plateau age calculation. The error bars shown for each plateau mark the age ± 2cr. 
Figure Three. Seafloor magnetic records redrawn from Cande and Kent (1992a). 
Records from three spreading centres have been stretched to the same length. The 
location of the seven cryptochrons are marked with dots and labelled using the 
scheme of Cande and Kent (1995). The faster spreading centre shows better 
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resolution of the tiny wiggles within Chron 26r. A small wiggle can be seen 
within Chron 26n, which may correspond to the Loch Ainort granite, Skye. 
Figure Four. Two models showing the possible correlation between the magnetic 
histories of Skye and Mull with the geomagnetic timescale. Normal polarity 
events are shown in black and cryptochrons from Cande and Kent (1995) are 
shown as dashed lines. The stratigraphy in Skye and Mull is taken from Emeleus 
and Gyopari (1992) and the palaeomagnetic sequences from Dagley et al. (1990 
and 1987). Model 1 shows the timescale drawn to scale with the normal polarity 
events seen in Mull and Skye correlated to individual cryptochrons within 26r. 
Model two shows the later events of Centres 2 and 3 in Mull and the 
corresponding sequence in the Redhills of Skye correlated to Chron 26n. It does 
not however account for all of the normal polarity events seen in these two areas. 
In Model two, the reversed Loch Ainort granite becomes a reversed cryptochron 
in Chron 26n. The U/Pb age for the Cuillins is from Hamilton et al. (1996) and all 
other ages are Ar-Ar ages presented here. 
Table One. A summary of the results from all of the rocks dated in this study 
from the Isle of Mull and the Isle of Skye. Complete analyses can be found in the 
appendix. Those experiments shown in Italics failed the rigorous statistical 
criteria of Singer and Pringle (1996) and Pringle (1993). All ages are given 
relative to the USGS Taylor Creek Rhyolite sanidine 85G003 at 27.92 isochron. 
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Appendix B2. 4039  Sample lists 
Sample Irradiation Vial Colleted by Location 
MT2 EK29 A LMC Muck 
MT3 EK29 A LMC Muck 
LB1 EK29 B LMC Mull 
BM67 EK29 B Kerr, 1993 Mull 
BM64 EK29 B Kerr, 1993 Mull 
MIDI EK29 B LMC Mull 
MD2 EK29 B LMC Mull 
MD3 EK29 B LMC Mull 
S033 EK29 B Dagley et al. 1987 Mull 
S017 EK29 B Dagleyetal. 1987 Mull 
13136 EK29 B Kerr, 1993 Mull 
BI EK29 B LMC Mull 
T3 EK29 B Kerr, 1993 Mull 
TI EK29 B Kerr, 1993 Mull 
MKD1 EK29 D LMC Muck 
A2 EK29 D Wallace, 1995 Antrim 
BVAO EK29 D Wallace, 1995 Antrim 
BVA3 EK29 D Wallace, 1995 Antrim 
PNB6 EK29 D Wallace, 1995 Antrim 
57/12-18 EK29 0 LMC BGS 
58/13-66 EK29 D LMC BGS 
235 
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Irradiation Vial Location Sample No Prep Notes Collected By 
EK33 C Skye SG16ISg16 arfedsonite Loch Ainort granite (R) 
EK33 C Skye SG19 arfedsonite Glas Beinn More (R) 
EK33 C Skye SG32 arfedsonite Marsco granite (N) 
EK33 C Skye SG27 arfedsonite Glamaich granite (N) 
EK33 C Skye SG36/SG59 Riebeckite Rudha Stac granite (R) 
EK33 C Rum 5R475 hornblende central complex Emeleus, 1997 
EK33 C Rum SR534 homblende central complex Emeleus, 1997 
EK33 C Skye U031/U112 homblende Coire Unagneich (N) Dagley et al, 1990 
EK33 C Skye U117 hornblende Beinn an Dubhaich(R) Dagley etal, 1990 
EK33 C Skye SD3 wr Ich dyke cuts lava 
EK33 C Rum SR215 wr Ich upper basalt Dagley and Mussett, 1981 
EK33 C Skye SB10 wr Ich middle basalt 
EK33 C Skye SB3 wr Ich lower basalt 
EK33 C Skye SDI wr Ich dyke cuts lava 
EK33 C Skye Ski 39 wr Ich upper/middle basalt B Bell 
EK33 C Offshore Anton Dorhr wr harsh Ich lava BGS 
EK33 C Anglesea 3317 wr lch dyke R Bevins 
EK33 C Anglesea 3208 wr Ich dyke R Bevins 
EK33 C Antrim AGH4 wr Ich Upperbasalt Wallace,1995 
EK33 C Antrim Dyke BMO wr Ich dyke cuts lava 
EK33 C Antrim GBY5 wr Ich Lower basalt Wallace, 1995 
EK33 C Antrim NEWBMQ wr Ich Lower basalt 
EK33 C Antrim UBLFIBQ wr Ich Upper basalt 
EK33 C Ardnamurchan AN20 wr Ich cone sheet (Cl) 
EK33 D Ardnamurchan AN21 wr Ich lava 
EK33 D Ardnamurchan AN22 wr Ich lava 
EK33 0 Ardnamurchan AN26 wr Ich cone sheet (C3) 
EK33 D Arran ALl wr Ich Lava 
EK33 D Arran AL2 wr Ich Lava 
EK33 D Arran P008 wr Ich dyke (R) Hodgson et al, 1990 
EK33 0 Arran P014 wr Ich dyke (N) Hodgson et al, 1990 
EK33 D Muck 1601 wr Ich dyke Dagley and Mussett, 1986 
6k33 D Rum SR187 wr Ich middle basalt Dagley and Mussett, 1981 
EK33 D Rum 1161 wr Ich coastal dyke Dagley and Mussett, 1981 
EK33 D Rum 1173 wr Ich coastal dyke Dagley and Mussett, 1981 
EK33 0 Rum T402D wr Ich dyke cuts lava (R) Dagley and Mussett, 1981 
EK33 0 Rum T418D wr Ich dyke cuts lava (N) Dagley and Mussett, 1981 
EK33 D Skye SB11 wr Ich middle basalt 
EK33 D Skye SG61 wr Ich Upper basalt 
EK33 D Skye SG62B wr Ich Preshal More 
EK33 D Skye SG69 wr Ich Preshal Beg 
EK33 0 Skye SG9 wr ct dyke cuts last granite (R) 
EK33 D Skye SkB1 wr Ich Lower basalt 
EK33 B Skye U034 wr Ich middle dyke Dagley et al, 1990 
EK33 B Arran AD84 f gmass dyke Hodgson et al, 1990 
EK33 B Offshore HTN fgmass lava BGS 
EK33 B Rum SRi 57 f gmass Lower basalt Emeleus, 1997 
EK33 B Skye ST1 f gmass lower basalt 
EK33 B Muck T695 plag sep dyke Dagley and Mussett, 1986 
EK33 B Rum SRi 90 plag sep middle basalt Dagley and Mussett, 1981 
EK33 B Skye PT1 plag sep Lowest lava 
EK33 B Skye U034 wr Ich middle dyke Dagley et al, 1990 
EK33 B Arran AD84 fgmass dyke Hodgson etal, 1990 
EK33 B Offshore HTN f gmass lava BGS 
EK33 B Rum SR157 fgmass Lower basalt Emeleus, 1997 
EK33 B Skye ST1 f gmass lower basalt 
EK33 B Muck 1695 plag sep dyke Dagley and Mussett, 1986 
EK33 B Rum SRI90 plag sep middle basalt Dagley and Mussett, 1981 
EK33 B Skye PT1 plag sep Lowest lava 
EK33 A Eigg T908 wr core lava Dagley and Mussett, 1986 
EK33 A Muck 1752 wr core lava Dagley and Mussett, 1986 
EK33 A Canna SR252 wr core Lava Dagley and Mussett, 1981 
EK33 A Skye SKi 37 wr core upper/middle basalt B Bell 
EK33 A Skye SK167 wr core felsic Upper basalt BBeII 
EK33 A Antrim G1 biotite Mourne I Meighan 
EK33 A Antrim G5 biotite Mourne I Meighan 
EK33 A Ardnamurchan AN1 1 biotite Biotite gabbro (C3) 
EK33 A Ardnamurchan AN12 biotite central complex (C3) 
EK33 A Arran A2 biotite inner granite (N) 
EK33 A Arran A3 biotite outer granite (N) 
EK33 A Arran A9 biotite central complex 
EK33 A Antrim SBO K spar Sandy Breas Obsidian I Meighan 
EK33 A Antrim TR K spar Tardree rhyolite I Meighan 
Collected by LMC unless stated 
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Sample No. Irradiation Pan Hole Location Mineral Notes Collected by 
SR475 EK35 C 1-9 Rum hornblende central complex Emeleus, 1997 
SR534 EK35 C 10-17 Rum homblende central complex Emeleus, 1997 
SG19 EK35 C 19-26 Skye hornblende Glas Beinn More LMC 
SG16 EK35 C 27-35 Skye homblende Loch Ainhort granite LMC 
SG32 EK35 D 1-9 Skye hornblende Marsco granite LMC 
SG27 EK35 D 10-17 Skye arfedsonite Glamaich granite LMC 
U117 EK35 D 19-26 Skye biotite Beinn an Dubhaich Dagley et al, 1990 
Gi EK35 D 27-35 Antrim biotite mourne I Meighan 
SG59 EK35 E 1-9 Skye Riebeckite Rudah Stac granite LMC 
TR EK35 E 10-17 Antrim sanidine Tardree rhyolite I Meighan 
SBO EK35 E 19-26 Antrim glass Sandy Breas Obsidian I Meighan 
SBO EK35 E 27-35 Antrim sanidine Sandy Breas Obsidian I Meighan 
E3 EK35 F 1-9 Eigg sanidine Pitchstone LMC 
E3 EK35 F 10-17 Eigg glass Pitchstone LMC 
AN11 EK35 F 19-26 Ardnamurchan biotite Biotiteeucrite C3 LMC 
A3 EK35 F 27-35 Arran biotite outer granite LMC 
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Island 	Location Sample No. 	Grid Ref., 	Rock Type 
Arnarnurchan Loch Mudle 'AN1 - 541655basalt 
Loch Mudle AN2  538663 basalt 
Loch Mudle AN3  538666 basalt 
nrAchnosnich "AN4 	i 442678ieucrite 
nr Achnosnich AN5  447667 eucrite 




ridge  AN8  4546911 gabbro 
457688  




ANI3 	1 472673gabbro 
Ard.Point AN14 417673gabbro 
rd.Point 
ArdPnt  !IAN17  424674gabbro 
Ard.Point !AN18 427672;gabbro 
after Kildonan AN19 505640 basalt 
Quarry AN20 512648 basalt 
basalt 513651 AN21 
nrTjunction AN22  518658 basalt 
AN23 521659 basalt 
nr Braehouse N24 527674! basalt 
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Island 	Location 	No. Grid Ref. 	Rock Type Sample dir. Dyke dir. 
Arran 	Catacol Al 	923470 granite 347/60e 
A21 923470 grate007/84e ni -- 
___________________  A3 922480:__granite: 164178e 
A4 922480 granite242/76se 
Tormore ADI 883313 dyke i 191/87w 229/70w 
AD2 1  883313 dykeT227I80w 048/80w 
AD3 8843091 dyke 033/50w 029/64w 
ADj 885307 dyke 310190v 030/74w 












S of Whiting Bay AD81  GR052240 dyke I 229/52ne 343/82e 
AD9' - - dyKe 344/60e 342/60e 
ADM dyke 347/44s 126/74se 
AD11  dyke 	035/76se325/70w 
AD12 dyke i 223/86w 307/70e 
ADI3GR050247: dyke 322188e 307170e 
ADjGR049250 dyke 034/84se 330/75e 
ADI5  dyke j 300/43e 320/62e 
dyke 058/42se 320/62e 
- 	 - 	Layby A5GR050229 dyke 134/76e - 
Kildonan AD17 GR007208 dyke 330/70w 348/74w 
AD18 dyke 280/76w 008/90v 
ADI9  dyke 192/80w 202/74e 
AD20 dyke 184/84e 200/74e 
AD21 dyke 347/88w 348/80w 
AD22 dyke' 220/80e 
092/8 
136/70ne 
002/90v AD23  dyke 
AD24 yj 354/74e_010/70w 
AD25 1  dyke 166/82e 178/72e 
AD26 dyke i 322/74e,  136/44w 
AD27: dyke 230/90v , 330/70w 
AD28 dyke 204/74e 
AD291 dyke 308/76w.  
AD30  dyke 232/66s 
AD31 dyke i 238/72se 
-AD 3j dyke. 336/44e 346/80e 
AD33 dyke 100/56s 000/71w 
AD34 dyke 310/70w - 344/90v 
AD35  dyke 068/62nwi 
AD36  dyke 160/88w  
AD37 dyke, 240/80s 
AD38  dyke. 058/86n 
AD39 dyke 062/68n  
_— AD40 dyke 138/88w 136/60e 
AD41  dyke 168/88w 160/90v 
AD42 dyke_ 301/88w 130/64e 
AD43 dyke 345/86w 343/86w 
AD44 dyke 331/90v 169/90v 
• AD45 dyke 331/88w 162/90v 
AD46 - dyke 165/55se 150/87w 
AD47 ________ dyke 251/64n 152/60e 
AD48 dyke 169/80e 160/65w 
AD49 dyke 146/70e 147/77e 
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AD50  dyke 305/69e 165/68e 
AD51 dyke 250/65n 354190v 
AD52 	 dyke 1 075/53n] 341179e 
car Park AD531 GR022209 dykj 302/81w 
356/86e' 010/84e 
AD55 i LL 7 I75w 
AD56;  dyke I 097I89s i 
354/67w! 
191/75e 
353/73w AD57  dyke] 
 dyke AD58 187/75e1 001154e 










AD60  dyke 
AD62 
AD61  
dyke 053/69s 325/70e 
Pigeon cave AU 
AD64GR032207 
947355 basalt lava 
dyke j - -- 171159e 
179/82e 
334167e 
AL2 1  I basalt lava 
basalt lava1 
L AI&  
granitel 
____ Al2 granite  
Merkland Point 
- 
AD65 dyke 034/86e: 023/78e 
dyke 107/81n 216179nw 
AD6t dyke ---26V261---  .03'! 
dyke 1192/42m, 032/64e 
AD69  dyke 090/67n 020/64e 
AD70 i dyke 067/60se 296/78ne 
Cleats ShoreAD72 938217 dyke 020/90y 200/89se 
dykel  
AD741 dyke 273/71n, 173/80w 
AD75 dyke 196/86& 214/86e 
Ab1 dyke_174/65w181/75w 
AD77 dyke i 083/70n] 270/90v 
dyke 188/83w 181/75w 
AD79 dyke 071/67n 277170n 
AD80 _dyke 229/73e '011/90v 
AD8I dyke 053/77nw 211/90v 
AD82 dyke 190/71w: 130/87w 
AD83 dyke 1 36/87sw 196/79e 
AD84' dyke 309175s, 030/80w 
AD85 - 	dyke 353/83w 179/20e 
AD86 dyke 190/69e 185179e 
AD87  . 	dyke 195/76w 000/90v 
AD88 . 	dyke 175/71w 016/74w 
AD89 	944212, dyke 067/77s. 001/90v' 
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Island 	Location 	Sample No. 	Grid Ref. 	Rock Type Notes 
SKYE li north DgSi  469705 tuff _1Uppe 	 in a landslip 
tuff Lower part of&ff 
--------:33  basalt  jabove upper tuff  
S4 tyff______ Lower insU  
- 	 S5 - 	basalt ;below lower tuff layer __________ 
Dunans S6 468707 basalt below lower tuff  
137 tuff lower tuff layer  
1S8 tuff/basa upper tuffyer 
LS9 :tuff Jup  er tuff sample i  
J_ !1Q.__ tyuif_.__ upper tuff sample 2  
,S11 basalt basalt above upper tuff 
basalt I lower one  
1 k m north Uig 	t3— V3 - 386651 bas.It basaIt ..bove tuff~Sl  
tuff  ---- sample from LHSquar  
S15 tuff sample from RHSquarry  
7kmSouthUig 	316 403555jbasa1t above tuff layer - - ---- __Jaya ..............- 	. .... 
: — 4tu ff well hidden tuff layer 	. 
Preshal Beg 	SiB 330277 tuff orange tuff below Presha.Beg in hill sample 1 
S19  tuff -. orange tuff below Preshal Beg in hill sample 2 -- 
329280tuff 
4062 tuft 
red/orange tuff below lava above laterized flow 
bend in 1
22  basalt 
tuff layer near to stream at 	rod__ 	- 
below tuff 
S23 'basalt abovetuff 
._JS 4P 22 u B!idY6 B!!!!L................ 
S25 	1 basalt 4abovetuff 




D1-D3 sampled walking west along roadside 
SOS 410320basalt 
- D4 406323 basalt 1spled walking westwardsalong roadside 
basalt  
basalt  
SD7  basalt - 
SD8 basalt 
D10 
 it  
4M22 basalt i 
S1311 404322 I basalt 1 near tuff layer S24  
The Storr IST1 , 497534 1 basalt  op the section 	 - 
ST3  
basalt  
- ST4 _i tuff 
' ST5 basalt  
basalt_________  
ST7 35 4955'basalt 
,S T8 	,497537basalt - 'RHSgy  
ST9 T basalt  
St9A _basalt  
ST10 basalt 
rST1 1 	_ basalt _between ST7 and ST8 
I12 _ basalt  
:ST13 basalt 
ST14 basalt  
ST15 basalt  
ST16 497538basalt 
Bracadale 'SBl 384359basalt  
S132 358382 basalt  
SB3 358388 basalt  
,S64 357387basalt  
S135 	_311398 basalt 
SB6 323388basalt  
SB7 329378 basalt___________________________________________________ 
SB8 365366 basalt  
SB9 	: 373363basalt  
SB10  397340 basalt  
SB11 413317 basalt  
SBI2 455319 basalt 
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Island 	Sample No. Grid Ref. Rock Type 












SG12 	622258  
basalt lava 
















Loch Ainort G 
SGI7 	565298 
565298 










SG24 617261 dol/gabbro 
SG24A 562307 MealI MhaoIl G 
SG25 562306 
SG26 561310 granite 
SG27 561310 maol GlanmaichG 
SG28 1  4962771  Glamiaig granite 
SG29 I 
SG30 495270 
SG3I 497259 - Granite? 
SG32501257_ marsco granite 
SG33 501257 Marco gabbro 
SG34 503258 SPorphfelsite 
SG35 500258 
SG36 502238 granite 
SG37 503239 granite 
SG38 502242 granite 
245 Appendix Cl. Sample lists 
SG39! 499247  granite 




















































Rudha__ Stac granite 
SG60L 331302 Basalt lava below PM 




lava below PB 
SG64 328280 tuff 
SG65 3282791 1St flow PB 
SG66! 328279 tuff 
SG67 3282 79 tuff 
SG68.330278 2nd flow PB 
SG69 319277 top flow PB 
SG70 332288 lava same hieght 62 
SG7I 352305 eastern part Arnaval 
U031 Dagley et al, 1990 
U034 Dagley etal, 1990 
WIT Dagley et al, 1990 
U112 Dagley etal, 1990 
SK139 B Bell 
P1 palagonite tuff 
x C2. Geochemical Data 
Appendix C2 
XRF results 
All samples were analysed for Nb, Zr and Y using XRF spectrometry in 
Edinburgh. Particular care was taken in the determination of Nb which is 
believed to be precise (2() to ± 0.1 ppm for values <2 ppm and ± 0.2 ppm for 
values > 2 ppm. Analytical methods are described in Fitton et al. (1998a). 
Three standards were used for secondary calibration, BHVO-1, BCR-1 and BIR-1. 
Values for these standards can be found in the following table. 
Element Nb Zr Y Sr Rb 
BHVO-1 19.8 182 27.6 403 
BCR-1 186 38 330 47.2 
BIR-1 0.6 15.5 16.0 108 0.25 
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Skye Samples 
Following samples have the SK prefix and were collected by B Bell. Nb,Y & Zr analysed in Edinburgh 
Sample Nb Zr Y Ce Ni Cr V Ba Sc delta Nb 
136 23.7 171.4 35.1 50.2 23.0 13.7 277.6 388.4 20.9 0.25 
137 36.4 272.2 42.0 64.8 10.0 8.1 136.2 488.5 16.9 0.12 
138 35.9 273.9 42.0 64.9 9.6 7.2 141.7 488.6 15.5 0.11 
139 29.7 258.1 40.6 60.1 30.0 10.2 157.1 537.3 20.5 0.06 
140 31.5 268.8 40.9 60.8 30.4 10.3 163.7 401.2 17.0 0.06 
141 27.4 437.9 68.7 72.4 9.6 0.7 34.5 358.0 10.6 -0.20 
142 27.5 439.0 69.0 68.1 10.8 1.9 37.4 383.2 14.2 -0.20 
144 5.3 137.6 30.8 24.6 168.9 66.0 308.2 98.9 30.6 -0.27 
145 2.7 96.2 18.8 23.7 617.4 771.0 290.9 45.8 26.5 -0.47 
146 5.4 200.8 26.3 43.3 122.4 35.8 301.5 58.5 20.7 -0.64 
147 9.3 274.8 28.8 55.1 63.2 19.6 221.5 136.3 17.1 -0.63 
149 16.4 437.4 56.7 83.4 36.4 44.2 283.0 321.3 31.3 -0.50 
150 4.2 139,9 19.6 33.6 10.4 2.6 57.6 223.2 9.7 -0.57 
154 7,5 186.3 34.4 35.7 7.8 0.4 5.4 1241.9 10.1 -0.33 
155 14.4 380.4 34.2 81.2 146.5 66.4 323.5 109.3 31.8 -0.65 
156 14.9 396.6 35.0 84.3 12.4 11.8 118.7 194.3 8.5 -0.66 
157 2.4 89.2 18.7 26.3 12.9 6.2 103.6 227.6 13.6 -0.46 
158 17.6 492.4 61.1 90.7 279.2 645.0 338.1 61.8 30.6 -0.54 
159 14.7 325.6 42.7 49.3 11.5 2.4 42.2 249.6 9.9 -0.42 
160 14.6 332.7 44.7 53.1 22.9 14.6 228.0 155.8 18.3 -0.42 
161 2.5 82.6 16.6 24.0 20.2 11.5 194.4 157,6 17.8 -0,43 
162 14.3 294.3 40.2 47.8 294.2 651.1 309.5 80.6 32.8 -0.37 
163 28.2 309.7 51.5 54.5 32.1 16.4 199.3 213.8 16.4 -0.02 
164 29.7 294.1 47.7 58.4 36.3 11.3 128.6 462.9 12.6 0.02 
165 0.9 42.4 20.9 9.8 28.4 8.8 122.8 368.0 15.8 -0.21 
168 22.9 156.7 32.9 54.2 8.8 0.0 15.1 7076.2 16.7 0.28 
169 1.7 50.2 23.4 12.4 21.0 14.9 297.2 409.9 18.5 -0.04 
170 8.5 250.1 29.0 50.0 138.1 331.1 306.3 71.8 42.7 -0.59 
171 5.4 144.2 24.7 44.6 29.6 19.1 270.5 109.2 16.0 -0.39 
173 7.4 184.3 42.2 29.7 137.7 197.1 323.6 193.9 22.0 -0.25 
174 14.6 247.0 46,1 42.3 132.7 63.8 301.9 107.8 31.6 -0.16 
175 28.2 264.1 42.3 56.9 36.7 16.9 222.2 202.6 20.4 0.04 
176 28.7 269.3 42.7 63.4 36.3 10.4 157.8 344.0 16.0 0.03 
177 16.7 454.5 59.1 78.6 38.7 11.1 163.2 383.0 16.1 -0.51 
179 30.2 259.3 41.1 61.1 9.0 5.5 59.4 208.6 11.1 0.07 
180 30.2 261.8 41.3 58.7 31,4 9.0 163.4 398.3 20.0 0.06 
181 29.0 287.0 48.1 55.1 30.5 10.6 159.4 387.1 16.1 0.03 
182 29.6 224.3 37.6 60.1 115.9 105.5 305.2 164.9 25.7 0.15 
183 36.6 287.2 44.1 71.1 28.3 9.4 136.3 347.8 18.6 0.10 
184 24.1 259.2 45.6 52.4 17.6 11.7 215.7 436.0 15.9 0.01 
185 4.2 140.6 23.0 33.7 11.2 7.4 115.4 479.4 14.4 -0.51 
186 9.9 283.8 40.1 52.0 38.5 12,0 147.8 472.5 17.1 -0.50 
187 3.5 115.8 21.9 36.1 385.7 737.1 291.5 181.2 28.3 -0.45 
188 5.2 157.4 20.9 38.9 15.1 14.6 226.0 948.9 14.7 -0.55 
189 2.8 112.4 27.9 25.3 130.4 312.0 301.0 241.7 28.4 -0.42 
190 2.9 117,8 29.4 28.1 95.7 200.2 285.6 206.4 26.7 -0.43 
192 3.1 109.3 24.5 26.2 106.5 221.0 431.8 128.0 34.9 -0.41 
194 1.6 56.4 30.2 15.4 107.5 197.7 429.3 143.5 37.4 -0.06 
195 4.4 158.3 22.5 34.1 135.5 283.8 339.5 225.8 30.7 -0.59 
210 0.7 39.3 18.3 11.7 139.2 311.5 288.2 128.8 41.8 -0.31 
212 27.2 279.8 47.9 57.0 28.5 10,1 137.9 307.5 13.1 0.02 
213 13.6 239.1 45.4 48.5 32.4 19,2 209,1 260.6 17.3 -0.17 
214 26.8 274.4 46.7 50.0 32.3 6.8 137,6 383.4 13.5 0.02 
216 31.4 220.1 39.1 74.4 13.1 7.5 196.4 534.5 15.5 0.20 
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Sample Nb Zr Y Ce Ni Cr V Ba Sc delta Nb 
217 24.8 324.6 60.3 61.7 14.8 3.3 94.8 310.3 15.6 -0.05 
218 5.2 168.0 21.1 50.3 90.4 174.4 288.5 241.7 26.6 -0.60 
220 25.2 324.0 59.1 64.4 14.1 6.3 91.7 310.2 14.6 -0.05 
223 1.4 44.6 20.2 13.2 130.8 333.6 285.0 147.7 41.7 -0.08 
224 6.9 169.4 32.2 24.9 151.9 61.9 323.2 143.6 25.9 -0.31 
225 27.4 439.3 69.4 75.0 9.9 1.8 33.4 374.7 10.3 -0.20 
228 25.6 370.4 63.1 66.7 14.0 4.3 73.8 341.1 13.9 -0.13 
229 29.5 191.5 32.2 51.0 20.0 16.3 253.8 520.6 14.5 0.22 
230 24.1 168.5 3.45 48.4 15.8 12.7 277.0 501.8 17.4 0.26 
231 30.6 193.4 33.1 61.2 13.5 15.2 239.4 540.1 17.7 0.23 
233 13.6 238.5 44.7 42.9 32.9 16.3 205.4 161.4 21.5 -0.17 
234 3.8 118.5 20.5 30.1 276.2 550.7 354.5 92.1 33.7 -0.46 
241 12.7 248.8 34.5 51.5 21.3 10.4 226.5 151.2 14.4 -0.34 
243 15.7 304.7 41.3 58.4 11.3 4.7 112.7 225.0 13.1 -0.35 
244 4.3 139.1 20.5 38,8 125.9 222.6 305.4 270.8 27.9 -0.54 
245 2.9 103.0 18.9 35.9 152.6 438.4 297.0 317.9 34.2 -0.49 
246 4.7 130.9 21.9 33.7 127.3 299.9 358.7 172.1 29.8 -0.42 
247 2.2 97.4 22.1 25.6 116.5 119.2 327.4 144.6 29.0 -0.50 
250 6.3 151.0 20.3 33.9 353.6 394.1 299.0 167.7 22.9 -0.44 
252 2.2 97.4 19.3 30.4 73.4 48.5 291.4 244.9 25.9 -0.55 
253 2.7 105.5 18.9 36.8 181.8 507.1 301.5 295.4 32.7 -0.54 
254 2.7 92.6 18.2 25.9 384.1 1052.4 285.2 199.7 28.6 -0.45 
255 9.0 210.2 28.3 40.0 38.7 18.5 323.1 133.6 18.6 -0.43 
256 5.3 197.8 25.8 39.9 130.1 56.2 308.3 64.7 23.3 -0.64 
257 15.7 315.1 48.5 70.0 13.6 4.4 126.2 291.3 13.9 -0.31 
259 10.3 316.2 32.2 56.0 46.0 28.0 197.0 128.9 15.3 -0.66 
260 4.6 137.1 20.2 38.6 104.2 200.0 285.6 259.6 23.2 -0.50 
261 14.4 279.7 38.8 50.5 10.5 5.1 128.0 195.9 13.5 -0.34 
262 5.1 195.0 26.3 40.4 140.0 70.0 316.5 85.1 25.4 -0.64 
263 37.0 299.6 45.0 69.8 11.4 3.7 104.2 484.9 14.3 0.07 
264 5.4 199.5 27.0 40.3 136.3 75.9 318.2 107.5 25.2 -0.63 
265 2.9 94.1 19.3 19.4 366.8 708.1 290.9 162.1 27.7 -0.41 
266 3.2 99.9 19.1 34.3 2546 641.5 263.3 236.4 30.1 -0.42 
267 2.7 95.9 20.0 27.2 358.1 696.6 291.2 209.8 27.2 -0.44 
268 3.6 115.9 20.2 32.1 183.7 364.5 296.0 359.4 24.9 -0.47 
269 4.3 131.3 20.0 41.5 110.9 215.2 283.9 273.9 26.5 -0.50 
270 2.0 89.2 19.3 29.3 155.4 237.5 296.3 209.9 35.1 -0.53 
271 2.2 91.5 20.0 28.4 162.1 226.6 307.7 280.4 31.6 -0.49 
272 3.6 108.2 20.0 30.2 193.6 384.2 294.2 226.3 29.5 -0.42 
273 6.3 132.0 18.0 41.0 329.3 539.8 294.2 458.8 21.5 -0.37 
274 5.0 160.7 20.2 38.3 89.1 162.1 288.4 377.1 24.3 -0.60 
275 4.8 157.8 19.8 45.3 104.9 166.0 282.2 322.2 27.0 -0.60 
276 1.6 90.8 19.8 27.4 187.4 221.3 307.0 277.0 30,1 -0.62 
277 3.0 119.8 22.9 31.9 82.4 64.4 310.0 331.5 26.1 -0.53 
278 3.1 117.4 21.7 48.8 249.4 578.6 268.3 567.2 25.8 -0.52 
279 15.4 336.7 45.3 66.2 12.6 1.9 86.8 208.9 11.2 -0.40 
280 11.3 139.8 21.5 46.7 109.4 243.2 275.6 367.3 25.8 -0.10 
281 3.1 101.7 18.3 31.1 217.9 558.9 285.3 270.3 30.2 -0.46 
282 2.9 85.8 33.1 22,2 61.2 67.1 360.6 75.3 40.8 -0.12 
284 3.2 99.4 18,7 33.2 403.6 1066.6 293.7 138.4 26.9 -0.42 
285 5.2 152.5 18.0 34.1 301.5 547.8 283.0 248.8 21,1 -0.58 
286 3.7 112.9 22.1 32.5 273.8 327.2 304.3 106.2 29.9 -0.40 
287 2.9 87.9 16.8 25.9 369.0 777.7 260.4 199.0 25.1 -0.41 
289 6.6 119.5 20.4 27.9 185.6 324.6 315.6 223.9 26.1 -0.22 
290 1.7 82.3 23.4 15.5 286.4 286.2 289.2 175.1 30.2 -0.45 
291 10.5 150.7 21.1 45.8 275.4 540.5 330.8 268.9 23.7 -0.20 
292 7.7 121.0 17.4 35.9 403.8 867.8 288.4 202.3 22.4 -0.23 
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Skye Samples 
Collected by LMC 
Sample Nb Zr V Ce Ni Cr V Be Sc delta Nb 
PT 2.7 83.8 14.3 13.8 322.3 1010.5 322.4 656.5 35.5 -0.47 
SlO 8.3 186.3 25.2 55.4 228.9 278.7 82.8 162.9 40.0 -0.41 
SIl 3.6 114.3 17.6 21.4 390.2 844.8 270.8 228.0 27.5 -0.51 
S12 1.4 59.8 31.2 5.1 101.8 295.4 386.2 16.5 53.5 -0.15 
S13 2.9 97.5 18.4 27.5 142.6 300.5 273.9 247.5 28.4 -0.45 
S14 7.9 150.1 30.0 46.8 369.3 564.7 154.3 151.2 42.0 -0.18 
S15 9.4 168.1 30.2 49.6 262.0 588.0 142.6 156.5 42.8 -0.20 
S16 2.9 93.3 18.1 23.9 370.7 651.9 265.8 204.4 23.5 -0.42 
S18 1.1 54.0 9.6 9.2 234.5 395.3 228.4 9.4.5 60.2 -0.64 
S21 69.6 1728.2 37.7 198.0 36.2 293.1 423.4 720.5 28.1 -1.18 
S22 1.0 52.4 23.8 5.9 135,7 324.9 321.3 15.3 53.1 -0.30 
S23 4.0 138.3 22.2 29.2 168.5 359.8 356.4 516.2 37.5 -0.52 
S24 118.5 746.1 33.1 76.1 44.5 445.0 445.0 379.4 8.3 -0.30 
S25 3.0 93.7 19.0 24.6 112.7 258.2 312.1 262.8 34.2 -0.39 
S3 2.9 95.2 19.2 16.8 448.0 679.6 264.7 84.8 25.2 -0.41 
S5 4.3 129.2 21.5 33.1 91.5 79.9 312.2 332.3 24.9 -0.45 
S6 4.1 130.3 19.8 34.7 82.9 82.6 288.7 408.0 27.0 -0.51 
S7 4.5 150.4 26.4 33.5 623.3 1310.8 69.4 422.8 57.4 -0.47 
S8 3.9 117.4 20.5 21.1 509.7 1008.5 225.3 120.0 37.5 -0.43 
S9 10.2 241.0 32.0 69.9 226.1 306.5 78.9 289.4 57.7 -0.44 
SB1 44.5 545.7 48.2 138.0 3.6 7.7 -14.9 1936.3 1.6 -0.32 
S1310 29.7 285.4 46.8 52.6 33.0 13.6 134.5 367.0 15.1 0.04 
S1311 10.0 280.1 29.5 51.7 55.1 16.8 215.3 116.7 9.2 -0.61 
SB12 3.3 100.1 18.2 25.7 257.0 465.5 304.7 145.2 27.9 -0.42 
S132 44.6 555.1 51.5 142.4 2.7 8.3 -13.0 1922.2 3.5 -0.31 
SB3 42.7 494.5 58.9 137.2 3.1 8.4 -12.1 1768.1 3.3 -0.17 
S134 42.0 484.8 53.1 137.8 3.3 9.8 -12.6 1746.3 0.1 -0.21 
SB5 12.9 222.0 40.2 34.1 29.6 15.6 197.7 162.7 18.9 -0.18 
SB6 7.0 169.0 23.2 25.4 292.7 309.4 321.3 112.5 26.6 -0.44 
SB7 5.7 135.9 27.5 21.5 287.6 211.8 317.9 96.2 32.1 -0.28 
SB8 47.0 563.6 35.1 110.9 1.9 7.3 -12.4 1853.0 1.4 -0.45 
SB9 37.6 294.2 45.3 64.2 2.2 8.1 86.1 556.5 9.9 0.10 
SDI 17.2 340.8 40.6 176.8 8.7 11.7 53.7 2037.1 11.2 -0.41 
Solo 0.8 55.3 27.6 5.0 191.5 325.5 316.6 16.1 42.1 -0.38 
SD11 1.6 57.3 25.8 7.4 160.8 305.2 328.0 24.9 47.0 -0.13 
SD2 5.2 159.0 46.7 36.2 33.0 80.4 413.0 348.6 64.4 -0.24 
SD3 17.0 340.2 40.7 173.0 4.8 12.6 56.0 2016.5 13.8 -0.41 
SD4 3.8 122.4 20.6 25.8 185.9 382.0 287.0 201.1 28.3 -0.48 
S05 1.5 46.2 21.3 5.8 152.2 286.2 262.2 24.6 36.0 -0.06 
SD6 1.2 57.7 28,4 6.7 106.5 211.5 377.5 12.0 47.0 -0.23 
SD7 18.6 488.0 45.8 196.8 4.1 8.8 26.1 1943.7 11.1 -0.63 
S08 3.5 77.9 32.0 15.1 77.3 61.4 318.9 49.2 27.2 0.04 
S09 5.2 139.1 27.4 54.9 56.5 87.9 291.9 632.6 34.4 -0.34 
SGI 1.8 73.8 17.3 18.9 179.5 133.7 227.3 162.7 18.4 -0.45 
SG2 3.0 95.6 20.7 19.9 193.0 358.8 290.8 520.2 29.8 -0.38 
SG24 14.0 242.5 65.4 76.2 32.5 89.3 175.0 499.7 26.9 -0.02 
SG3 6.2 192.9 28.6 24.7 69.4 10.4 291.3 176.5 20.4 -0.52 
SG33 11.2 494.3 34.6 95.0 8.6 14.5 68.1 1185.2 13.9 -0.97 
SG4 1.6 70.5 17.6 14.0 310.1 877.5 287.2 139.2 31.0 -0.46 
S045 0.6 13.9 8.4 0.7 104.5 402.1 1570.9 45.2 68.2 0.15 
S047 0.8 24.3 10.7 8.7 54.9 340.2 90.4 120.5 40.1 -0.08 
SG48 4.4 110.8 40.1 16.7 52.1 45.2 463.1 72.0 48.5 -0.06 
SG49 0.8 160.0 510.0 460.1 13.3 72.6 
SG50 2.7 70.7 29.8 8.1 72.4 98.3 397.2 41.7 59.1 -0.03 
SG51 0.4 15.9 12.5 1.8 133.4 273.9 202.7 23.5 87.7 0.00 
SG52 2.7 68.8 27.8 9.6 74.2 109.4 402.9 45.3 57.3 -0.04 
SG53 1.8 40.7 22.3 6.8 53.7 64.4 363.4 47.5 49.7 0.15 
SG54 1.8 40.9 18.0 9.2 81.5 195.7 286.9 45.0 52.0 0.06 
SG55 5.3 115.3 39.4 10.1 55.1 86.3 459.8 87.5 56.4 -0.03 
SG57 3.4 91.8 31.3 12.6 52.1 79.9 371.5 32.0 55.0 -0.12 
SG58 3.1 68.2 22.5 8.3 70.2 117.6 312.8 27.5 36.4 -0.05 
SG60 24.8 261.2 43.5 45.9 37.0 14.0 134.1 326.6 11.6 0.00 
SG61 32.2 313.7 46.0 58.8 13.8 11.9 93.0 437.3 11.0 -0.02 
SG62A 1.6 52.6 23.3 4.5 147.0 313.6 300.9 29.2 47.9 -0.10 
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SG628 1.3 50.8 23.4 4.6 148.6 304.9 278.8 34.6 42.3 -0.15 
SG62S 1.3 52.4 24.6 6.6 160.1 386.2 298.7 12.5 43.3 -0.17 
SG62UP 1.5 53.3 24.6 8.4 138.5 311.7 298.9 29.5 48.6 -0.12 
SG65 0.8 42.4 21.2 2.7 194.6 308.1 250.3 8.9 42.8 -0.27 
SG68 0.6 41.7 20.5 5.8 190.6 318.9 259.3 12.3 46.0 -0.41 
SG69 0.5 43.1 20.5 8.2 192.2 288.0 233.4 24.6 34.3 -0.46 
SG70 24.1 152.1 34.5 40.3 12.9 12.4 270.5 532.3 15.5 0.35 
SG9 3.6 62.7 29.8 21.9 89.2 85.5 295.9 109.0 42.8 0.20 
SK139 30.0 264.8 41.8 50.5 23.4 14.9 144.7 416.0 11.2 0.06 
SK3 4.0 120.1 19.8 28.9 128.2 267.3 298.4 143.9 25.8 -0.46 
ST1 4.1 105.9 18.2 19.8 390.9 780.9 284.3 278.7 29.0 -0.37 
ST1O 3.5 106.5 20.9 23.8 104.9 259.3 316.7 277.8 33.9 -0.39 
ST12 6.7 158.0 18.8 31.7 382.5 637.1 317.8 197.7 20.8 -0.49 
ST13 3.1 96.6 17.4 20.6 408.0 976.9 282.5 96.2 27.1 -0,44 
ST14 2.6 89.7 17.1 19.4 445.1 1104.7 267.9 138.3 27.3 -0.46 
ST15 2.9 94.9 18.2 21.4 325.6 816.3 278.0 195.0 29.6 -0.43 
ST16 3.2 97.7 18.8 22.7 310.4 773.7 282.8 203.7 32.7 -0.40 
ST2 5.3 139.8 25.3 23.0 273.1 431.9 375.8 117.9 30.8 -0.37 
ST3 10.6 156.8 24.0 28.1 213.1 289.5 317.3 197.3 23.6 -0.18 
ST4A 10.8 158.4 23.0 33.8 291.5 384.4 216.6 131.4 31.8 -0.20 
ST413 2.9 92.3 15.8 18.8 489.7 910.0 237.8 151.7 24.0 -0.46 
ST5 2.7 92.6 15.4 19.4 485.4 918.4 231.3 215.3 20.4 -0.51 
ST6 3.2 92.8 17.1 19.5 408.7 787.6 250.8 134.2 24.8 -0.39 
Sfl 3.1 101.3 15.4 19.3 519.5 945.3 256.1 233.8 23.6 -0.52 
ST8 3.4 101.1 20.1 22.7 116.7 277.6 316.8 333.8 32.1 -0.37 
ST9 3.2 93.2 18.1 21.5 115.3 259.3 270.0 219.3 27.4 -0.37 
U034 1.9 55.2 24.5 7.8 113.2 302.1 294.6 25.4 46,2 -0.04 
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Mull Samples 
Samples collected by Kerr (1993) and analysed for Nb, Zr and & V in Edinburgh. 
Sample Nb* Zr* Zr/Y Nb/V delta Nb 
BM1 2.03 56.17 18.22 3.08 0.11 -0.15 
BM2 5.53 125.57 23.44 5.36 0.24 -0.29 
BM3 4.78 117.11 19.59 5.98 0.24 -0.36 
BM4 2.23 80.92 19.20 4.21 0.12 -0.39 
BM5 4.03 97.03 17.66 5.49 0.23 -0.32 
BM6 7.53 154.10 20.87 7.38 0.36 -0.37 
BM7 2.23 105.05 21.50 4.89 0.10 -0.57 
6M8 2.44 82.45 20.51 4.02 0.12 -0.35 
BM9 1.63 82.96 18.44 4.50 0.09 -0.57 
BM10 1.83 60.67 13.84 4.38 0.13 -0.37 
BM11 2.74 95.95 24.12 3.98 0.11 -0.36 
BM12 3.25 74.99 18.98 3.95 0.17 -0.17 
BM13 2.54 88.28 19.86 4.45 0.13 -0.40 
BM14 2.54 90.33 19.86 4.55 0.13 -0.42 
BM15 2.23 89.30 19.31 4.62 0.12 -0.47 
BM16 3.85 106.08 19.42 5.46 0.20 -0.38 
6M17 4.78 104.43 18.30 5.71 0.26 -0.30 
BM18 3.65 88.58 20.87 4.24 0.18 -0.22 
BM19 2.54 83.07 19.75 4.21 0.13 -0.35 
BM20 2.84 102.60 23.80 4.31 0.12 -0.40 
BM21 5.55 102.99 22.69 4.54 0.24 -0.13 
BM22 3.92 103.26 23.64 4.37 0.17 -0.27 
BM23 2.84 91.25 18.87 4.83 0.15 -0.40 
BM24 4.45 87.47 18.67 4.68 0.24 -0.17 
BM25 5.19 82.64 18.82 4.39 0.28 -0.05 
BM26 2.44 82.96 20.84 3.98 0.12 -0.34 
BM27 4.00 78.74 19.96 3.94 0.20 -0.10 
BM28 4.84 83.18 17.84 4.66 0.27 -0.11 
BM30 4.54 101.71 17.78 5.72 0.26 -0.31 
BM31 2.64 91.66 18.87 4.86 0.14 -0.43 
BM32 3.80 87.56 18.44 4.75 0.21 -0.24 
BM33 3.82 75.04 16.29 4.61 0.23 -0.16 
BM34 8.90 154.44 19.23 8.03 0.46 -0.33 
BM35 5.22 100.17 22.31 4.49 0.23 -0.14 
BM36 7.59 122.22 18.06 6.77 0.42 -0.23 
BM37 4.53 98.59 23.68 4.16 0.19 -0.17 
BM38 15.63 237.68 31.12 7.64 0.50 -0.25 
BM39 4.59 98.13 19.97 4.91 0.23 -0.23 
BM40 4.45 81.70 19.73 4.14 0.23 -0.09 
BM41 3.82 88.13 20.09 4.39 0.19 -0.21 
BM42 4.07 88.02 19.80 4.44 0.21 -0.19 
BM44 6.43 121.08 20.46 5.92 0.31 -0.25 
BM45 7.06 115.72 21.37 5.41 0.33 -0.15 
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BM46 515 84.36 19.98 4.22 0.26 -0.05 
6M47 6.33 89.62 19.73 4.54 0.32 -0.02 
BM48 6.18 88.12 20.34 4.33 0.30 0.00 
8M49 7.03 112.63 24.45 4.61 0.29 -0.08 
BM50 5.83 115.57 23.03 5.02 0.25 -0.20 
BM51 5.88 118.86 21.27 5.59 0.28 -0.25 
BM52 15.19 212.79 29.05 7.32 0.52 -0.20 
BM53 11.14 208.29 26.97 7.72 0.41 -0.35 
BM54 11.12 206.72 29.68 6.96 0.37 -0.30 
5M55 10.91 177.77 26.73 6.65 0.41 -0.23 
6M56 10.42 184.65 29.03 6.36 0.36 -0.25 
BM57 9.08 178.37 27.20 6.56 0.33 -0.30 
BM58 10.30 184.16 30.05 6.13 0.34 -0.24 
BM60 61.87 979.63 71.66 13.67 0.86 -0.50 
BM61 58.77 924.47 65.99 14.01 0.89 -0.51 
BM62 59.58 938.97 66.32 14.16 0.90 -0.52 
BM63 58.48 945.72 65.82 14.37 0.89 -0.53 
BM64 27.66 381.10 55.86 6.82 0.50 -0,17 
BM65 29.92 389.26 57.59 6.76 0.52 -0.14 
6M66 24.71 361.46 53.38 6.77 0.46 -0.19 
BM67 18.00 265.42 39.44 6.73 0.46 -0.19 
BM68 9.56 112.18 22.40 5.01 0.43 0.03 
5M70 11.15 111.21 22.12 5.03 0.50 0.10 
BM71 8.95 115.82 22.22 5.21 0.40 -0.03 
MA1 7.15 184.75 27.68 6.68 0.26 -0.43 
MR2 3.65 74.84 17.40 4.30 0.21 -0.15 
MR3 3.04 94.21 21.61 4.36 0.14 -0.34 
MR4 4.03 116.06 21.26 5.46 0.19 -0.40 
MR5 2.84 104.44 21.94 4.76 0.13 -0.45 
MR6 3.78 148.82 28.19 5.28 0.13 -0.52 
MR7 3.53 91.75 18.56 4.94 0.19 -0.31 
MR8 3.78 93.86 21.00 4.47 0.18 -0.25 
MR9 3.35 99.33 26.09 3.81 0.13 -0.27 
MR10 3.90 95.98 18.30 5.24 0.21 -0.31 
MAll 2.64 79.28 19.42 4.08 0.14 -0.30 
MR12 3.65 84.35 17.27 4.88 0.21 -0.26 
MR13 3.90 91.75 16.89 5.43 0.23 -0.31 
MR14 4.95 75.75 16.72 4.53 0.30 -0.05 
MR15 7.09 206.29 31.92 6.46 0.22 -0.47 
MR16 8.69 209.96 31.94 6.57 0.27 -0.40 
MR17 7.96 152.18 28.56 5.33 0.28 -0.21 
MR18 7.60 145.11 25.82 5.62 0.29 -0.23 
MR19 5.50 183.99 30.79 5.98 0.18 -0.50 
MR20 2.54 74.27 18.87 3.94 0.13 -0.27 
MA21 16.39 272.50 33.56 8.12 0.49 -0.32 
MR22 15.91 273.43 31.33 8.73 0.51 -0.36 
MR23 14.45 276.99 37.16 7.45 0.39 -0.35 
MR24 15.51 257.06 35.73 7.19 0.43 -0.27 
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MR25 16.37 298.91 39.47 7.57 0.41 -0.33 
MR26 12.27 223.26 34.55 6.46 0.36 -0.27 
MR27 13.22 250.62 34.03 7.36 0.39 -0.34 
MR28 25.76 347.17 54.20 6.41 0.48 -0.13 
MR29 25.75 356.55 54.96 6.49 0.47 -0.15 
MR30 7.76 107.18 21.85 4.91 0.36 -0.04 
MR31 5.27 92.95 21.62 4.30 0.24 -0.09 
MR32 4.10 76.91 18.69 4.12 0.22 -0.10 
MR33 9.70 293.69 37.40 7.85 0.26 -0.56 
MR34 8.03 210.72 31.80 6.63 0.25 -0.43 
MR35 6.18 157.10 27.29 5.76 0.23 -0.36 
MR36 11.49 191.01 31.83 6.00 0.36 -0.20 
MR37 12.60 196.76 32.11 6.13 0.39 -0.18 
MR38 13.30 210.60 33.71 6.25 0.39 -0.19 
MR39 11.85 208.03 40.25 5.17 0.29 -0.16 
MR40 7.41 118.78 24.16 4.92 0.31 -0.10 
MR41 5.30 119.67 19.38 6.17 0.27 -0.34 
BG1 7.28 120.90 27.64 4.37 0.26 -0.07 
BG2 4.79 101.60 24.47 4.15 0.20 -0.16 
BG3 5.53 102.46 18.74 5.47 0.30 -0.21 
BG4 4.95 112.93 18.65 6.06 0.27 -0.34 
BG5 4.19 106.47 20.27 5.25 0.21 -0.33 
BG6 2.84 120.09 20.62 5.82 0.14 -0.59 
BG7 3.77 129.05 26.95 4.79 0.14 -0.42 
BG8 5.33 133.93 27.40 4.89 0.19 -0.29 
BR1 7.51 169.90 28.58 5.94 0.26 -0.33 
BR2 7.71 171.60 27.94 6.14 0.28 -0.33 
BR3 7.31 166.70 27.08 6.16 0.27 -0.34 
BR4 2.24 73.40 20.72 3.54 0.11 -0.28 
BR5 2.55 97.50 21.05 4.63 0.12 -0.46 
BR6 2.24 77.90 17.60 4.43 0.13 -0.39 
BR7 2.75 87.50 20.83 4.20 0.13 -0.34 
BR8 2.75 86.70 19.76 4.39 0.14 -0.35 
BR9 2.95 96.10 22.45 4.28 0.13 -0.35 
BR10 2.75 92.80 22.23 4.17 0.12 -0.36 
BR11 2.75 78.60 18.14 4.33 0.15 -0.30 
BR12 1.76 80.43 18.79 4.28 0.09 -0.50 
BR13 2.14 92.80 22.77 4.08 0.09 -0.46 
BR14 2.75 100.70 19.65 5.13 0.14 -0.48 
BR15 3.97 104.90 22.77 4.61 0.17 -0.29 
BR16 3.66 101.00 21.80 4.63 0.17 -0.31 
BR17 3.97 106.50 26.11 4.08 0.15 -0.25 
BR18 19.25 281.30 18.25 15.41 1.06 -0.52 
BR19 17.33 266.20 19.22 13.85 0.90 -0.50 
BR20 7.91 157.20 25.46 6.17 0.31 -0.29 
BR21 4.88 125.30 26.75 4.68 0.18 -0.29 
BR22 3.36 140.20 29.87 4.69 0.11 -0.50 
BR23 8.72 188.30 32.03 5.88 0.27 -0.30 
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BR24 9.74 200.40 32.13 6.24 0.30 -0.30 
BR25 5.99 249.90 31.16 8.02 0.19 -0.71 
BR26 11.05 215.50 33.86 6.37 0.33 -0.29 
BR27 7.41 239.70 30.73 7.80 0.24 -0.59 
BR28 14.50 274.00 38.59 7.10 0.38 -0.32 
BR29 12.47 238.30 35.15 6.78 0.35 -0.31 
BR30 12.17 232.00 36.65 6.33 0.33 -0.28 
BR31 11.86 226.40 35.47 6.38 0.33 -0.28 
BR32 12.57 244.80 37.52 6.53 0.34 -0.30 
BR33 13.08 239.80 37.08 6.47 0.35 -0.27 
BCH2 4.15 102.32 27.29 3.75 0.15 -0.18 
BCH3 3.45 96.77 23.58 4.10 0.15 -0.27 
BCH4 3.55 103.52 26.86 3.85 0.13 -0.26 
BCH5 11.02 184.75 24.72 7.47 0.45 -0.29 
BCH6 11.02 188.82 26.77 7.05 0.41 -0.27 
BCH2X 4.78 168.15 43.35 3.88 0.11 -0.35 
BCH3X 3.65 104.95 28.50 3.68 0.13 -0.24 
BCH4X 3.65 108.84 28.83 3.78 0.13 -0.27 
BCH8 3.78 107.92 25.88 4.17 0.15 -0.29 
BCH9 3.65 109.61 23.31 4.70 0.16 -0.36 
BCH1OA 1.63 74.27 17.56 4.23 0.09 -0.50 
BCH1OB 7.65 243.84 31.15 7.83 0.25 -0.59 
BCH11 6.90 214.98 32.94 6.53 0.21 -0.50 
BCH12 5.15 178.73 33.97 5.26 0.15 -0.46 
BCH13 3.65 130.54 30.37 4.30 0.12 -0.40 
BCH14 3.45 103.01 22.70 4.54 0.15 -0.34 
BCH15 2.23 128.37 24.45 5.25 0.09 -0.68 
BCH16 2.94 124.18 22.81 5.44 0.13 -0.56 
BCH17 2.54 110.27 16.14 6.83 0.16 -0.67 
BCH18 13.77 240.88 27.81 8.66 0.50 -0.37 
BCH19 6.53 165.20 31.40 5.26 0.21 -0.33 
BCH20 4.03 114.58 29.35 3.90 0.14 -0.26 
6CH21 3.78 84.77 22.67 3.74 0.17 -0.14 
BCH22 2.54 78.77 19.20 4.10 0.13 -0.32 
BCH23A 3.65 90.59 20.74 4.37 0.18 -0.24 
BCH23B 2.23 74.48 15.81 4.71 0.14 -0.40 
BCH24 1.93 81.02 17.78 4.56 0.11 -0.49 
BCH25 1.93 81.94 18.22 4.50 0.11 -0.49 
BCH26 2.23 83.58 18.55 4.51 0.12 -0.43 
BCH27 2.13 82.86 18.22 4.55 0.12 -0.45 
BCH28 2.44 59.13 16.14 3.66 0.15 -0.16 
BCH29 2.03 81.33 18.55 4.39 0.11 -0.45 
BCH30 2.13 82.86 18.44 4.49 0.12 -0.45 
BCH31 2.54 86.44 20.30 4.26 0.13 -0.37 
BCH32 3.35 103.42 20.41 5.07 0.16 -0.40 
BCH33 3.75 92.68 20.51 4.52 0.18 -0.26 
BCH34A 3.78 82.76 18.94 4.37 0.20 -0.19 
BCH34B 4.90 93.97 26.65 3.53 0.18 -0.05 
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BCH34C 5.40 108.66 29.09 3.74 0.19 -0.09 
BCH35 4.40 88.89 22.80 3.90 0.19 -0.11 
BCH36 4.03 91.64 21.64 4.23 0.19 -0.19 
BCH37 3.78 80.54 22.28 3.61 0.17 -0.10 
BCH38 4.90 96.40 25.49 3.78 0.19 -0.08 
BCH41 4.53 108.87 24.34 4.47 0.19 -0.24 
BCH42 5.53 113.10 24.08 4.70 0.23 -0.19 
6CH43 7.15 159.60 29.09 5.49 0.25 -0.29 
BCH44 10.40 182.22 34.36 5.30 0.30 -0.17 
BCH45 7.65 163.83 29.60 5.53 0.26 -0.27 
BCH46 11.02 193.32 33.59 5.76 0.33 -0.20 
B3 7.28 153.49 38.65 3.97 0.19 -0.14 
134A 16,02 402.48 14.98 26.87 1.07 -0.98 
B4B 6.03 153.26 38.74 3.96 0.16 -0.21 
B5 16.02 387.68 15.73 24,64 1.02 -0.92 
B6 2.44 104.13 21.06 4.94 0.12 -0.53 
B7 4.78 222.80 30.35 7.34 0.16 -0.73 
B8 5.65 229.14 30.97 7.40 0.18 -0.67 
B9 4.78 129.56 27.77 4.67 0.17 -0.31 
BlO 2.44 129.91 26.42 4.92 0.09 -0.62 
BIl 4.15 69.62 19.59 3.55 0.21 0.01 
B12 2.54 74.07 19.42 3.81 0.13 -0.26 
B13 4.78 119.01 19.02 6.26 0.25 -0.39 
B14 5.40 150.45 28.14 5.35 0.19 -0.37 
B15 11.02 205.09 29.01 7.07 0.38 -0.31 
B16A 3.14 108.02 24.34 4.44 0.13 -0.39 
B1 6B 2.84 102.80 22.59 4.55 0.13 -0.42 
B17 2.64 105.67 23.47 4.50 0.11 -0.46 
B18 1.83 81.74 19.75 4.14 0.09 -0.48 
B19 2.44 131.44 28.17 4.67 0.09 -0.61 
B20 2.34 91.45 18.87 4.85 0.12 -0.48 
B21 2.34 91.86 19.97 4.60 0.12 -0.46 
B22 2.94 92.88 19.97 4.65 0.15 -0.37 
B23 2.64 90.22 19.75 4.57 0.13 -0.40 
B24 2.64 95.44 19.75 4.83 0.13 -0.45 
B25A 1.93 78.26 17.78 4.40 0.11 -0.46 
B25B 4.78 90.50 20.87 4.34 0.23 -0.12 
B26 2.64 88.59 20.62 4.30 0.13 -0.37 
B27 2.34 78.46 20.19 3.89 0.12 -0.33 
628 2.13 82.76 19.64 4.21 0.11 -0.42 
B29 2.13 80.00 17.78 4.50 0.12 -0.43 
B30 2.94 98.30 23.36 4.21 0.13 -0.36 
W6 4.78 110.66 26.56 4.17 0.18 -0.19 
W7 4.78 134.94 36.19 3.73 0.13 -0.24 
BB1 2.64 110.88 25.44 4.36 0.10 -0.47 
13132 3.78 119.65 23.70 5.05 0.16 -0.41 
B63 3.65 110.35 24.34 4.53 0.15 -0.34 
*BB4 19.14 267.62 18.05 14.83 1.06 -0.48 
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BB5 12.02 200.29 23.95 8.36 0.50 -0.33 
656 6.15 126.20 30.89 4.09 0.20 -0.13 
B137A 4.28 153.26 34.48 4.44 0.12 -0.41 
BB7B 4.90 121.34 27.29 4.45 0.18 -0.25 
BBO 4.78 156.54 34.87 4.49 0.14 -0.38 
BB9 2.64 109.04 25.44 4.29 0.10 -0.46 
BB1OA 6.65 192.89 40.52 4.76 0.16 -0.35 
BB1OB 10.65 182.64 35.77 5.11 0.30 -0.15 
BB11 11.52 188.88 37.70 5.01 0.31 -0.12 
BB12 14.27 219.10 41.29 5.31 0.35 -0.11 
5B13 15.39 230.20 41.16 5.59 0.37 -0.12 
BB14 12.90 212.23 42.70 4.97 0.30 -0.12 
BB15 14.77 209.49 40.91 5.12 0.36 -0.06 
B616 13.52 199.66 41.93 4.76 0.32 -0.05 
BB17 13.15 216.46 45.27 4.78 0.29 -0.10 
BB18 8.28 158.12 37.31 4.24 0.22 -0.12 
BB19 11.52 147.87 35.64 4.15 0.32 0.06 
BB20 3.78 131.91 21.00 6.28 0.18 -0.54 
BB21 4.56 131.24 19.75 6.65 0.23 -0.48 
BB22 4.03 107.07 18.43 5.81 0.22 -0.39 
BB23 5.65 120.07 23.18 5.18 0.24 -0.24 
BB24 4.03 134.87 28.83 4.68 0.14 -0.40 
BHL2 9.27 155.90 41.42 3.76 0.22 -0.02 
BHL3 7.65 153.68 38.21 4.02 0.20 -0.12 
BHL5 7.03 149.03 36.67 4.06 0.19 -0.15 
BHL6 9.27 164.25 45.14 3.64 0.21 -0.02 
*BHL7 8.53 150.41 40.26 3.74 0.21 -0.03 
BHL8 6.53 143.85 34.87 4.13 0.19 -0.17 
*BHL9 8.03 156.22 39.36 3.97 0.20 -0.10 
BHL10 9.77 190.36 51.57 3.69 0.19 -0.07 
BHL11 6.03 88.58 29.86 2.97 0.20 0.14 
BHL12 sill? 4.78 87.52 27.29 3.21 0.18 0.01 
BHL13 5.40 88.68 31.15 2.85 0.17 0.11 
BHL14A 2.23 113.75 23.80 4.78 0.09 -0.59 
BHL14B 5.40 115.84 24.85 4.66 0.22 -0.21 
BHL15 1.63 72.02 18.87 3.82 0.09 -0.44 
BHL16 4.36 136.04 20.84 6.53 0.21 -0.50 
BHL17 4.03 127.15 23.18 5.48 0.17 -0.44 
BHL18 3.65 122.19 22.80 5.36 0.16 -0.45 
BHL19 2.54 6486 18.11 3.58 0.14 -0.18 
BHL20 1.63 81.02 17.23 4.70 0.09 -0.58 
BHL23 3.90 128.00 30.37 4.21 0.13 -0.35 
BHL24 2.54 92.47 22.70 4.07 0.11 -0.38 
BHL25 2.74 95.03 20.95 4.54 0.13 -0.40 
BHL26 2.44 88.69 19.42 4.57 0.13 -0.43 
BHL27 2.44 85.52 19.75 4.33 0.12 -0.39 
BHL28 3.25 81.43 20.73 3.93 0.16 -0.21 
BHL29 2.54 91.15 19.42 4.69 0.13 -0.43 
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BHL30 2.64 90.43 20.84 4.34 0.13 -0.38 
BHL31 2.74 91.86 20.51 4.48 0.13 -0.38 
BHL32 2.44 85.93 18.44 4.66 0.13 -0.42 
BHL33 1.83 80.61 19.53 4.13 0.09 -0.47 
BHL34 2.03 78.77 20.30 3.88 0.10 -0.39 
BHL35 2.44 84.29 21.50 3.92 0.11 -0.34 
BHL36 2.74 99.43 23.03 4.32 0.12 -0.40 
AM1 7.53 142.48 40.39 3.53 0.19 -0.04 
AM2A 7.28 141.00 38.21 3.69 0.19 -0.07 
AM213 7.90 143.11 40.01 3.58 0.20 -0.03 
AM2C 8.03 143.11 39.62 3.61 0.20 -0.02 
AM3 8.03 152.94 38.85 3.94 0.21 -0.09 
AM4 8.28 151.36 38.59 3.92 0.21 -0.07 
AM5 6.53 142.37 38.85 3.66 0.17 -0.12 
AM6 2.64 130.72 25.66 5.10 0.10 -0.61 
AM7A 4.40 112.89 24.98 4.52 0.18 -0.27 
AM713 4.66 119.58 21.17 5.65 0.22 -0.36 
AM8 4.03 122.40 32.17 3.80 0.13 -0.28 
AM9 4.03 118.59 24.21 4.90 0.17 -0.36 
AM1O 5.15 132.02 27.42 4.81 0.19 -0.30 
AM15 2.34 82.76 19.75 4.19 0.12 -0.38 
CA2 2.91 65.75 27.68 2.38 0.10 0.04 
CAM 15.39 175.56 37.18 4.72 0.41 0.06 
CA4 24.39 222.49 55.68 4.00 0.44 0.23 
CA5 23.01 280.72 55.93 5.02 0.41 0.01 
CA6 30.63 388.00 66.72 5.82 0.46 -0.07 
CA7 35.63 541.04 65.69 8.24 0.54 -0.28 
CA8 39.00 580.78 67.75 8.57 0.58 -0.29 
CA9 16.27 286.01 73.14 3.91 0.22 -0.05 
CAI  9.90 114.58 26.14 4.38 0.38 0.09 
CAI  25.39 253.03 46.04 5.50 0.55 0.06 
CAI  22.76 249.33 46.17 5.40 0.49 0.03 
Ki 3.90 138.78 34.87 3.98 0.11 -0.36 
*K3 11.40 111.93 38.72 2.89 0.29 0.32 
*K4 49.86 1146.01 89.45 12.81 0.56 -0.64 
Cl 8.65 184.12 35.64 5.17 0.24 -0.24 
02 6.90 176.72 30.76 5.75 0.22 -0.37 
03 8.65 176.09 32.17 5.47 0.27 -0.25 
04 15.27 171.12 28.96 5.91 0.53 -0.02 
05 8.76 193.95 36.15 5.36 0.24 -0.28 
T2 5.03 101.47 29.35 3.46 0.17 -0.06 
T3 6.53 113.31 36.28 3.12 0.18 0.05 
T4 5.53 102.42 30.50 3.36 0.18 -0.01 
T5 6.03 105.38 28.45 3.70 0.21 -0.03 
T6 4.90 108.02 28.71 3.76 0.17 -0.13 
17 4.53 109.82 28.83 3.81 0.16 -0.18 
T8 6.15 135.08 27.93 4.84 0.22 -0.23 
T9 3.25 93.09 21.17 4.40 0.15 -0.31 
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T10 618 11352 33.20 3.42 0.20 0.02 
Til 4.90 121.97 38.85 3.14 0.13 -0.11 
T12 3.35 89.20 18.44 4.84 0.18 -0.32 
T15 4.53 125.78 26.91 4.67 0.17 -0.32 
T16 4.28 92.28 19.46 4.74 0.22 -0.22 
A5 2.23 81.74 20.95 3.90 0.11 -0.37 
A6 1.93 74.07 18.33 4.04 0.11 -0.40 
STA3 59.72 18.43 3.24 
UV2a 19.06 406.70 13.59 29.92 1.40 -0.95 
UV3 18.52 370.77 11.88 31.21 1.56 -0.94 
UV4 0.66 102.32 20.74 4.93 0.03 -1.09 
UV5 16.02 359.46 15.86 22.66 1.01 -0.86 
UV6 2.54 133.89 26.75 5.01 0.09 -0.63 
UW 3.65 124.19 22.67 5.48 0.16 -0.47 
UV9 3.25 127.14 27.30 4.66 0.12 -0.47 
UV10 3.45 133.48 29.05 4.60 0.12 -0.46 
UV11 6.07 114.26 24.02 4.76 0.25 -0.16 
EX1 4.03 102.32 14.32 7.14 0.28 -0.45 
EX2 3.28 103.37 14.83 6.97 0.22 -0.53 
EX2A 2.28 104.43 18.56 5.63 0.12 -0.61 
EX213 2.41 102.32 15.73 6.50 0.15 -0.64 
EX3 2.41 105.49 18.30 5.76 0.13 -0.60 
EX9N+ 5.53 90.69 34.87 2.60 0.16 0.14 
EX1ON+ 11.40 139.73 32.43 4.31 0.35 0.07 
EX19 2.41 100.73 21.64 4.65 0.11 -0.50 
EX20 2.78 95.76 22.16 4.32 0.13 -0.38 
BM1OA 4.99 87.28 22.76 3.83 0.22 -0.04 
BM10B 5.83 92.87 23.03 4.03 0.25 -0.02 
BM1OC 5.48 112.51 29.85 3.77 0.18 -0.10 
P12 5.55 76.76 18.69 4.11 0.30 0.03 
P35 6.00 94.52 19.45 4.86 0.31 -0.09 
MS195 75.89 19.59 3.87 
May be sills 
AM11 2.41 88.37 22.67 3.90 0.11 -0.37 
AM12 2.28 86.46 23.44 3.69 0.10 -0.36 
AM13 2.03 87.41 21.26 4.11 0.10 -0.46 
*AM14 2.41 87.10 21.26 4.10 0.11 -0.38 
BHL21 1.91 84.24 22.67 3.72 0.08 -0.43 
BHL22 2.03 88.89 22.16 4.01 0.09 -0.46 
BCH39 4.03 82.24 20.61 3.99 0.20 -0.12 
BCH40 7.03 87.31 24.21 3.61 0.29 0.13 
BM29A 3.65 74.47 19.25 3.87 0.19 -0.11 
BM29B 3.64 64.76 18.67 3.47 0.20 -0.01 
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Antrim Samples 
All samples from Wallace (1995) but reanalysed in Edinburgh for Nb,Zr and Y 
Sample Nb* Zr* * Delta Nb* 
Lower 	 WH-1 2.23 85.80 23.99 -0.35 
WH-3 2.23 81.00 23.88 -0.31 
DNL-1 2.90 83.20 24.10 -0.21 
PL-43 6.21 240.10 21.76 -0.81 
PL-16 2.64 84.60 23.21 -0.28 
GBY-2 4.30 144.80 26.70 -0.46 
BH-1 3.05 179.40 47.87 -0.56 
BH-2 3.05 177.60 46,54 -0.56 
BH-4 2.13 103.30 28.79 -0.46 
131-1-6 2.33 103.00 30.24 -0.39 
131-1-9 2.13 72.80 21.98 -0.27 
PL-17 2.84 147.20 35.93 -0.54 
PL-19 2.84 151.00 37.94 -0.54 
JP-117 7.53 171.10 38.61 -0.21 
JP-2 1.52 94.80 27.56 -0.55 
PL-55 31.18 697.00 88.05 -0.44 
YB-1 29.10 549.40 94.40 -0.24 
Causeway Tholeiites A-i 4.27 92.00 27.12 -0.08 
A-2 3.96 93.80 27.12 -0.13 
A-3 3.96 93.20 26.89 -0.13 
A-4 3.96 93.40 27.12 -0.13 
A-5 3.96 94.80 27.12 -0.14 
A-6 4.17 94.20 27.23 -0.11 
A-7 4.17 95.00 26.89 -0.12 
A-8 3.96 91.50 26.45 -0.12 
JP-3 2.64 63.90 24.77 -0.02 
CHQ-2 2.30 65.20 24.70 -0.10 
CMH-5 3.00 72.00 25.10 0.18 
CMH-6 2.90 72.10 25.10 0.17 
CMH-7 7.80 147.70 37.50 -0.09 
PNB-5 7.40 149.30 40.00 -0.09 
PL-26 7.74 148.30 37.50 -0.09 
JP29 7.94 146.60 41.07 -0.03 
JP-25 3.86 90.80 28.45 -0.09 
JP-15 2.74 65.50 24.33 -0.03 
JP-22 2.64 62.90 24.77 -0.01 
JP-121 2.23 59.10 24.88 -0.03 
JP-12 4.27 98.90 29.46 -0.11 
JP-20 4.47 98.00 27.78 -0.10 
JP-48 2.54 65.60 24.99 -0.06 
JP-28 3.76 89.10 27.00 -0.11 
CH-1 2.95 73.30 26.45 -0.06 
CH-2 3.05 70.70 27.12 -0.01 
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Sample Nb* Zr* * Delta Nb* 
Causeway Tholelites DC 3.56 83.60 26.11 -0.10 
DC-2 3.05 69.20 25.78 -0.01 
JP-49 2.95 74.10 26.33 -0.07 
JP-95 2.74 67.90 25.44 -0.05 
JP-96 2.95 74.10 26.78 -0.07 
PL-1 14.06 249.20 44.30 -0.20 
PNB-6 1.30 52.30 28.60 -0.11 
PL-101 1.21 51.80 30.80 -0.10 
Upper 	 PB-I 2.40 72.40 23.40 -0.19 
CMH-1 2.10 67.10 20.60 -0.24 
CMH-2 2.70 74.60 24.50 -0.15 
JP-91 3.05 71.20 33.14 0.07 
PL-10 4.07 61.60 21.53 0.14 
PL-42 2.03 34.40 12.38 0.10 
PL-14 2.33 85.70 24.55 -0.32 
BVA-0 3.05 119.70 24.77 -0.48 
BVA-1 2.84 119.40 25.55 -0.50 
BVA-2 2.84 120.90 25.78 -0,51 
BVA-3 2.74 121.80 25.66 -0.53 
BVA-4 3.15 122.10 26.45 -0.46 
BVA-5 3.05 121.60 25.89 -0.48 
BVA-X 3.05 116.40 24.66 -0.46 
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Small Isles samples 
All Samples from P. Dagley. Nb, Zr and Y analysed in Edinburgh 
rock type Sample La Ce Nd Nb Zr Y Sr Rb delta Nb 
coastal dyke 110 0.67 6.37 6.62 1.30 62.99 16.80 171.30 5.11 -0.47 
coastal dyke 161 3.42 14.01 10.03 2.03 76.44 17.60 183.05 3.70 -0.42 
coastal dyke 173 10.03 28.50 19.61 2.55 108.40 17.90 429.90 11.36 -0.61 
coastal dyke 194 10.75 31.48 19.70 4.74 147.74 26.98 313.28 10.45 -0.43 
coastal dyke 243 7.59 21.55 16.66 3.39 110.83 22.79 215.84 8.94 -0.41 
coastal dyke 248 12.07 27.90 17.95 4.22 142.78 25.28 244.30 11.26 -0.48 
Rum 300 5.55 23.93 16.02 5.06 109.31 19.30 390.41 6.62 -0.29 
Rum 301 1.69 13.61 9.57 1.30 55.01 18.60 234.71 5.41 -0.32 
Rum 306 20.31 45.47 26.51 7.77 215.08 32.37 256.98 38.15 -0.46 
Rum 309 1.38 -0.78 3.49 0.57 17.59 3.13 52.00 0.08 -0.44 
Rum 322 2.30 1.11 1.10 0.25 1.81 0.74 306.48 -0.23 0.53 
Rum 324 1.99 5.58 2.39 0.57 7.98 1.64 254.72 0.08 -0.04 
Rum 325 -2.39 0.61 3.03 0.57 9.50 3.04 208.42 0.68 0.06 
Rum 401 15.02 46.66 29.55 9.44 218.42 22.49 740.78 4.91 -0.53 
Rum 405 12.58 27.11 16.02 5.26 129.03 37.85 244.71 19.11 -0.14 
Rum 406 36.50 77.62 42.91 7.67 218.32 40.15 439.49 30.29 -0.39 
Rum 411 36.70 77.42 41.07 7.56 213.97 39.45 521.15 29.69 -0.39 
Rum 416 10.14 31.97 20.25 5.06 113.66 33.76 399.28 8.64 -0.10 
Canna dykes 505 7.39 23.14 15.00 2.86 80.79 30.27 241.41 6.22 -0.10 
Canna dykes 513 10.54 26.42 18.69 4.85 130.24 32.47 355.66 5.31 -0.24 
Canna lavas 530 11.15 26.51 17.12 2.76 92.93 24.38 541.88 8.34 -0.32 
Muck dykes 601 5.55 18.79 11.87 3.39 90.50 27.78 355.87 3.70 -0.16 
Muck dykes 613 4.74 19.57 15.83 3.39 97.38 25.18 498.06 3.70 -0.26 
Muck dykes 645 1.89 11.93 10.95 1.61 103.95 29.37 189.45 1.59 -0.57 
Muck dykes 649 6.27 20.76 15.56 3.88 130.93 51.09 227.96 5.54 -0.16 
Muck dykes 671 22.86 53.81 33.24 7.87 169.58 44.74 309.88 32.71 -0.13 
Muck dykes 689 6.57 15.60 11.04 2.45 89.39 18.30 214.71 2.90 -0.46 
Muck dykes 695 15.53 38.72 21.91 6.53 142.87 35.64 292.13 27.88 
Muck dykes 712 6.37 13.22 12.52 2.34 99.60 19.20 184.91 7.73 -0.55 
Muck lava 750 4.43 15.50 14.45 2.24 122.96 22.89 321.02 1.69 -0.67 
Muck lava 752 7.28 22.55 16.20 3.80 109.31 18.70 354.53 3.50 -0.42 
Muck lava 753 12.27 34.55 24.77 6.52 181.21 27.28 348.13 6.32 -0.46 
Muck lava 755 9.22 18.08 15.46 4.53 111.03 25.78 259.46 3.00 -0.23 
Muck lava 756 4.54 15.70 12.33 2.45 88.98 25.08 380.20 3.00 -0.33 
Muck lava 757 9.42 23.74 15.09 4.64 120.33 24.78 295.55 7.13 -0.31 
Muck lava 758 9.73 36.44 24.30 5.26 182.02 37.15 464.13 5.82 -0.43 
Muck lava 759 11.25 29.29 23.94 5.26 182.52 35.76 473.21 7.03 -0.45 
Muck lava 762 9.42 32.27 25.69 5.47 177.67 34.06 487.13 5.21 -0.43 
Eigg dyke 800 4.64 12.32 10.95 2.55 88.58 20.19 233.99 0.98 -0.39 
Eigg dyke 846 61.44 148.28 91.90 28.33 435.63 75.66 33.03 90.63 -0.15 
Eigg dyke 853 3.72 20.56 16.11 3.49 136.31 29.17 249.25 1.38 -0.47 
Eigg lava 900 9.12 26.81 18.78 3.70 113.15 21.79 432.17 8.23 -0.40 
Eigg lava 908 7.18 16.89 13.07 2.13 80.59 19.50 337.93 14.28 -0.40 
Eigg lava 947 9.83 35.45 26.42 5.06 181.01 34.76 562.40 4.71 -0.47 
Eigg lava 951 6.17 16.09 14.17 2.34 117.60 21.79 303.28 1.59 -0.63 
coastal dyke 039 8.81 23.24 15.65 4.01 126.90 19.99 332.05 7.63 -0.50 
dykes cut lavas 402D 1.89 5.97 4.96 0.67 45.40 23.29 131.40 1.49 -0.36 
dykes cut lavas 417D 4.54 14.80 13.71 2.03 91.81 26.48 212.03 2.69 -0.41 
dykes out lavas 418D 17.57 34.55 20.07 4.43 127.21 43.84 270.29 16.49 -0.14 
Muck lava 754A 7.08 25.82 19.61 4.64 131.66 21.39 358.96 4.31 -0.44 
Muck lava 754B 10.85 28.30 21.17 5.06 174.53 33.56 552.19 5.31 -0.46 
Eigg dyke 82521806 2.50 3.00 3.40 1.09 42.37 19.40 124.80 2.09 -0.16 
Muck dyke Ml 4.07 131.17 54.43 239.49 5.37 -0.12 
Muck lava Mil 5.28 177.79 36.02 478.23 5.57 -0.42 
Muck lava M2 2.76 80.64 30.87 284.89 2.76 -0.11 
Muck lava M3 12.76 301.33 47.91 472.63 19.91 -0.37 
Muck lava M4 3.87 107.34 26.98 232.36 2.56 -0.25 
Muck lava M6 18.32 347.85 44.82 528.11 49.20 -0.36 
Muck lava M8 4.98 174.81 35.10 413.68 5.47 -0.45 
Muck lava M9 16.60 316.73 42.08 511.31 40.58 -0.35 
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Small Isles samples 
All samples from Emeleus (1997) 
sample Nb Zr Y Zr/Y Delta Nb Ce Ba 
13846 7.71 167.34 36.79 4.55 -0.20 42.83 419.90 
13847 5.69 142.38 35.10 4.06 -0.22 42.70 334.20 
23766 9.12 241.30 32.86 7.34 -0.48 68.40 533.40 
23772 4.88 149.94 26.11 5.74 -0.45 36.99 199.30 
23778 28.02 418.02 42.41 9.86 -0.35 156.88 1588.70 
23788 9.43 201.32 28.81 6.99 -0.37 71.65 689.20 
C100 4.10 113.45 27.08 4.19 -0.27 32.92 231.50 
C15 5.13 107.63 30.96 3.48 -0.08 31.72 316.00 
C66 7.04 143.62 33.12 4.34 -0.16 69.80 724.20 
C67 8.24 138.34 33.73 71.96 912.10 
C82 5.05 124.19 30.44 4.08 -0.21 33.09 254.60 
C85 5.22 135.29 31.14 4.35 -0.26 33.84 285.90 
C88 4.96 123.17 31.48 3.91 -0.20 32.94 259.80 
C99 4.62 118.91 26.38 4.51 -0.27 38.41 225.80 
DU13848 5.05 113.18 30.53 3.71 -0.13 28.08 283.40 
DU13852 17.32 329.50 44.18 7.46 -0.34 161.30 1905.30 
DU13853 16.19 324.04 44.01 7.36 -0.36 158.33 1675.70 
DU9868 7.12 217.82 22.84 9.54 -0.65 52.28 244.30 
DU9871 9.89 201.17 36.66 5.49 -0.25 86.70 996.10 
DU9873 5.48 124.28 29.06 4.28 -0.20 27.34 291.40 
E622 6.00 179.42 30.70 5.84 -0.44 57.36 421.20 
E644 5.48 147.78 32.52 4.54 -0.30 40.16 353.60 
E651  4.07 127.88 23.87 5.36 -0.43 24.27 108.20 
EM 25.18 556.46 46.95 11.85 -0.59 150.35 2841.50 
EA28 14.12 526.85 17.14 141.68 1646.60 
EA48 24.83 1001.50 50.57 164.71 1193.00 
EA55 18.09 420.26 44.87 9.37 -0.52 190.87 1036.00 
EA666 2.11 119.93 23.62 5.08 -0.66 25.20 52.10 
HE7403D 2.15 85.82 20.61 4.16 -0.43 70.00 
HE7409 1.24 51.23 24.54 2.09 -0.17 7.06 14.80 
HE7412 21.12 325.52 41.42 7.86 -0.26 165.36 1499.10 
HE7414 2.66 75.05 29.37 2.56 -0.09 6.60 162.60 
HE7418 2.76 90.07 21.73 4.14 -0.34 10.28 73.00 
HE7422 3.46 126.64 24.32 5.21 -0.48 35.48 172.30 
HE7434 1.14 55.27 25.89 2.13 -0.25 1.86 56.60 
HE7438 1.85 78.57 18.25 4.31 -0.47 15.29 114.50 
HE7457 3.56 90.38 28.70 3.15 -0.12 23.50 276.10 
HE7468 2.25 101.98 19.48 5.23 -0.58 21.22 379.40 
HE7469 1.85 99.19 19.93 4.98 -0.63 27.41 179.60 
HE7472 7.81 223.10 30.19 7.39 -0.51 
HM75139 3.97 106.13 26.56 4.00 -0.24 25.05 135.20 
HM75140 4.07 104.26 26.45 3.94 -0.22 22.13 88.90 
HMD111 2.25 105.19 22.07 4.77 -0.55 30.89 321.60 
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sample Nb Zr Y Zr/Y Delta Nb Ce Ba 
HMD119 3.56 92.56 31.84 2.91 -0.10 18.93 198.10 
HMD2 1.64 66.25 13.42 4.94 -0.50 12.05 279.80 
HMD3 3.56 126.84 24.09 5.27 -0.47 20.01 37.80 
M127 15.59 351.70 38.48 9.14 -0.50 109.57 1115.70 
M141 3.77 108.92 27.35 3.98 -0.27 12.37 78.40 
M144 7.29 189.60 29.32 6.47 -0.42 53.04 483.80 
M31 5.13 175.26 33.64 5.21 -0.45 47.08 285.20 
M620 5.65 115.49 25.61 4.51 -0.17 25.46 417.00 
M624 3.67 127.80 21.63 5.91 -0.51 27.04 
M97 1645 334.31 40.47 8.26 -0.41 109.15 1112.90 
MDIOI 18.01 513.25 56.97 9.01 -0.59 132.84 975.60 
MD37 1.85 93.39 19.48 4.79 -0.59 15.60 42.80 
MD4 6.34 72.00 18.70 19.69 1738.30 
MD41 2.25 82.30 19.03 4.32 -0.41 9.60 94.50 
MD5-7A 2.86 78.47 27.24 2.88 -0.12 16.74 120.00 
MD56C 3.67 93.18 29.04 3.21 -0.13 20.29 20.29 
SR139 6.52 189.60 24.14 7.85 -0.55 50.87 313.60 
SR149 10.15 211.34 39.00 5.42 -0.25 85.46 926.50 
SR156 14.17 219.03 23.53 9.31 -0.34 68.67 381.70 
SR157 4.53 134.37 24.92 5.39 -0.41 25.35 96.80 
SR158 6.69 124.84 29.67 4.21 -0.11 65.52 689.20 
SR160 6.69 214.40 23.45 9.14 -0.65 57.56 307.10 
SR161 9.80 212.55 37.96 5.60 -0.28 89.47 883.10 
SR162 9.97 212.46 37.27 5.70 -0.28 90.74 983.10 
SR163 9.89 207.55 38.74 5.36 -0.25 84.97 1021.40 
SR164 10.32 226.98 39.43 5.76 -0.30 92.06 998.30 
SR165 7.91 227.32 40.72 5.58 -0.41 84.60 920.50 
SR166 902 201.63 36.66 5.50 -0.29 75.31 928.90 
SR185 10.32 214.68 39.52 5.43 -0.25 83.39 938.10 
SR187 14.38 282.31 43.84 6.44 -0.30 127.26 1466.00 
SR189 10.03 250.42 44.77 5.59 -0.35 109.77 1212.90 
SR190 3.97 104.48 20.86 5.01 -0.32 
SR213 4.96 11188 30.27 3.70 -0.14 32.38 304.00 
SR215 6.17 124.00 33.21 3.73 -0.09 34.11 329.20 
SR217 5.08 125.91 23.19 5.43 -0.33 27.54 83.10 
SR226 9.71 215.60 39.00 5.53 -0.29 94.25 890.00 
SR230 12.66 306.25 54.43 5.63 -0.33 142.10 1474.00 
SR232 11.95 290.61 48.36 6.01 -0.36 127.35 1407.60 
SR235 5.28 144.45 33.08 4.37 -0.29 44.73 325.40 
SR237 7.91 224.42 42.07 5.33 -0.38 86.93 903.10 
SR240 9.54 205.05 38.31 5.35 -0.26 92.19 868.00 
SR303B 24.66 550.17 44.35 1240 -0.61 158.07 2664.90 
SR333 13.69 321.26 33.38 9.62 -0.54 118.20 992.60 
SR486 11.53 292.95 22.67 12.92 -0.69 59.93 1072.50 
T213 69.57 1697.86 140.61 12.08 -0.64 
TISW-413 58.40 935.19 116.47 8.03 -0.30 
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Anglesey dyke samples collected by R Bevins 
Sample Nb* Zr* Sr* Rb* 
3827 2.8 97.8 26.0 171.4 10.2 
3209 4.8 95.9 30.1 183.5 16.4 
3317 6.6 98.9 35.1 248.2 12.8 
3824 4.5 76.8 22.3 144.7 6.5 
3228B 3.3 73.6 25.6 196.2 11.3 
3821 3.3 67.4 21.0 155.4 6.8 
3226 7.8 165.4 32.1 317.6 42.1 
3231 9.6 157.0 43.5 303.5 41.5 
3822 3.5 147.7 23.3 292.3 11.3 
3309 1.05 86.6 24.4 282.1 17.6 
3368 3.3 74.9 26.0 145.5 13.6 
3330 3.5 75.7 22.6 169.2 4.6 
3333 1.79 70.5 26.7 131.3 4.1 
3245 6.5 86.6 30.6 283.3 13.2 
3316 4.7 96.8 31.2 282.3 11.9 
3308 2.2 159.5 45.5 199.7 4.8 
3369 3.3 77.1 27.9 212.2 12.3 
3343 4.2 104.1 25.9 172.7 6.5 
3230 1.20 96.9 27.5 352.7 7.4 
3213 1.40 109.9 31.2 218.8 5.7 
3249 7.3 97.5 31.5 271.0 7.9 
3331 6.3 103.5 22.5 259.1 7.7 
3344 3.2 96.7 24.9 164.9 5.0 
3324 4.4 91.7 29.4 188.7 6.0 
3212 1.27 108.0 30.7 399.9 8.5 
3220 2.5 69.3 39.1 90.4 69.6 
3338 3.5 118.6 21.7 168.4 4.1 
3310 9.0 114.9 37.3 289.6 18.3 
3348 4.5 183.5 25.0 334.9 11.0 
3351 2.4 66.6 24.9 111.8 6.0 
3346 4.9 202.7 27.6 327.1 12.2 
3228A 2.7 63.2 22.6 217.7 10.5 
3329 2.1 90.9 22.1 153.7 4.5 
3334 2.5 77.9 25.0 189.4 2.8 
3205 2.4 56.3 20.2 206.0 10.3 
3347 2.8 77.6 21.1 104.3 4.0 
3345 3.2 96.0 24.4 161.5 6.1 
3206 11.4 224.6 71.9 228.7 7.9 
3356 38.3 118.0 22.0 407.1 38.3 
3232 21.6 244.2 42.4 181.5 84.6 
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Well 9/2313-24 
Sample Nb Zr Y Sr Rb Zr/Nb 
1620.25 16.5 146.3 11.0 211.0 39.2 8.89 
1620.3 24.3 242.0 64.8 473.5 2.2 9.94 
1620.75A 20.4 201.0 73.1 502.8 1.9 9.85 
1620.75 8.6 69.8 53.9 463.6 7.9 8.13 
1621 21.7 212.5 72.1 567.6 2.0 9.79 
1621.6 12.4 139.7 14.3 262.7 26.2 11.24 
1621.75 14.8 138.1 52.0 556.5 16.0 9.30 
1621.8 13.9 140.0 22.3 422.3 39.4 10.04 
1622 15.2 139.3 40.2 379.4 5.5 9.19 
1622.4 18.0 159.3 66.2 438.7 12.0 8.86 
1622.5 19.4 204.6 25.2 314.2 23.2 10.55 
1623.3S 7.1 126.5 13.1 225.3 5.8 17.89 
1623.3M 15.4 148.5 21.1 252.5 37.9 9.67 
1623.5A 38.3 342.5 103.9 375.4 2.0 9.44 
1623.8A 37.5 343.0 104.7 314.9 3.2 9.15 
1623.8A 25.1 224.6 74.2 287.4 25.6 8.97 
1623.813 19.6 177.6 18.7 214.6 48.4 9.06 
1624 25.8 244.0 26.3 286.0 45.6 9.47 
1624.25 41.3 379.9 105.8 466.3 3.0 9.19 
1625 18.9 170.9 27.4 267.4 49.8 9.05 
1625 22.6 189.8 97.9 365.9 2.2 8.39 
1625.3 27.6 234.8 34.1 269.6 40.4 8.51 
1625.6A 15.8 154.3 20.7 191.3 48.7 9.79 
1625.68 18.4 169.6 25.1 214.1 44.9 9.23 
1626.5 29.2 267.2 73.5 396.3 21.2 9.15 
1626.85 19.2 191.5 35.6 251.4 51.8 9.98 
1627.45 28.2 270.9 72.7 407.7 2.6 9.61 
1627.5 20.3 193.4 59.5 398.7 1.6 9.53 
1627.9 21.0 214.1 33.8 236.2 46.2 10.19 
1628 19.6 190.0 23.7 244.1 46.9 9.70 
1629.6 13.9 149.3 17.1 230.8 33.4 10.71 
1630.25S 30.6 293.0 101.3 300.1 2.1 9.57 
1630.25M 29.2 284.1 74.8 293.2 9.6 9.73 
1630.85 19.2 191.9 22.9 232.8 33.2 10.00 
1631.3M 25.1 234.9 23.8 244.3 30.4 9.38 
1631.35 21.5 207.8 23.5 216.7 31.5 9.66 
1631.3S 21.8 211.2 77.0 304.5 12.1 9.68 
1631.4 25.4 250.8 66.5 238.7 2.1 9.89 
1631.7 26.2 263.1 62.1 289.4 2.3 10.06 
1631.9 17.1 164.9 19.9 182.2 44.4 9.66 
1632.2 28.6 267.0 68.2 237.8 5.4 9.34 
1632.65 31.0 274.9 74.9 321.5 3.4 8.86 
1633 21.3 193.6 71.1 402.5 3.3 9.08 
1633.5 11.5 155.2 31.0 329.7 12.5 13.48 
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Sample Nb Zr Y Sr Rb Zr/Nb 
1633.5 28.1 261.8 55.4 346.5 18.4 9.32 
1636.2 29.4 273.6 64.9 263.4 5.1 9.31 
1638.4 37.4 325.7 98.1 422.7 13.8 8.71 
1640 16.4 153.0 42.8 292.5 20.2 9.35 
1640.3 17.2 161.3 12.7 206.3 38.2 9.39 
1640.5 13.6 128.5 39.5 341.7 7.5 9.42 
1640.55 19.1 186.2 45.3 373.5 8.9 9.75 
1641.05 27.5 252.4 51.9 325.5 24.4 9.19 
1641.4 19.5 177.1 23.2 218.9 51.2 9.09 
1641.8 28.4 268.1 44.9 322.4 15.5 9.44 
1642 31.2 304.8 66.5 416.8 4.4 9.77 
1642.15 30.7 294.4 67.7 422.7 2.1 9.59 
1642.2 19.6 177.7 15.6 306.0 39.3 9.07 
1643 19.1 206.8 36.6 359.2 20.4 10.83 
1643.3 17.2 162.9 55.8 428.6 1.7 9.49 
1643.5 13.4 135.9 10.9 235.3 45.4 10.12 
1643.55 14.7 148.6 16.3 195.2 40.4 10.08 
1644.3 22.6 225.6 63.1 350.3 5.3 9.97 
1644.5 13.5 133.4 16.5 232.6 36.3 9.85 
1644.95 13.8 145.9 10.4 207.2 32.0 10.54 
1645.4 9.7 81.0 76.6 455.9 3.1 8.35 
1645.45 13.6 133.9 16.6 229.8 51.2 9.82 
1645.8 27.3 236.8 36.4 257.1 59.6 8.68 




Sample Nb Zr Y Sr Rb Zr/Nb 
2101 21.3 201.7 21.0 289.6 44.1 9.47 
2101.5 29.3 257.9 33.0 325.9 37.4 8.80 
2101.5 17.3 170.3 20.2 240.6 52.7 9.82 
2102.05 10.9 115.8 6.3 290.3 22.6 10.58 
2102.25 20.4 161.8 71.9 489.1 9.6 7.94 
2102.3 16.1 153.8 15.0 259.2 43.8 9.54 
2103.45 25.1 241.6 83.3 354.6 2.5 9.64 
2103.8 31.6 315.8 90.3 451.4 1.9 10.01 
2103.8 18.2 165.2 11.5 205.6 36.3 9.10 
2104.35 13.9 138.2 8.5 146.3 36.0 9.95 
2104.85 12.6 131.6 7.3 228.4 32.1 10.47 
2106.45 22.7 183.1 14.7 376.6 37.9 8.06 
2106.75 25.0 229.0 35.0 406.3 30.5 9.18 
2107.5 23.5 225.2 57.4 314.9 16.9 9.57 
2107.95 35.2 265.5 31.3 313.5 28.6 7.54 
2108.3 32.6 284.5 114.2 388.3 6.1 8.73 
2108.5 38.3 345.1 114.1 471.1 2.3 9.02 
2108.75 27.4 233.7 27.5 344.1 31.5 8.53 
2109.5 24.5 218.0 29.3 323.1 22.6 8.92 
2109.9 25.4 213.5 37.3 366.1 20.4 8.42 
2110 24.4 229.3 89.0 368.9 6.3 9.42 
2110.45 21.9 209.2 42.3 346.7 14.5 9.55 
2111.55 23.1 216.8 46.1 385.1 2.9 9.37 
2112.4 17.7 170.7 13.8 216.5 28.2 9.62 
2112.4 28.0 241.6 28.0 381.5 11.3 8.63 
2112.5 10.5 110.2 8.4 149.7 38.5 10.45 
2113 11.2 117.3 9.1 228.9 35.2 10.43 
2113.4 24.9 220.7 27.4 345.1 12.3 8.88 
2113.75 45.8 384.7 64.1 448.9 7.8 8.40 
2114.3 25.0 227.9 79.1 353.4 6.1 9.13 
2114.35 22.8 208.6 15.9 380.5 24.0 9.14 
2115.3 15.0 156.2 17.8 159.3 44.3 10.41 
2115.3 27.5 212.9 205.2 421.1 13.0 7.74 
2115.35 23.6 237.4 25.6 384.2 6.0 10.04 
2115.4 9.9 110.3 13.1 248.0 40.6 11.11 
2116 23.7 224.1 15.6 294.9 26.5 9.44 
2116 17.5 169.3 8.9 295.8 37.3 9.65 
2116.4 36.2 321.1 106.1 437.5 4.3 8.86 
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Sample Nb Zr Y Sr Rb Zr/Nb 
2116.45 17.0 168.0 12.7 308.2 46.4 9.86 
2116.8 22.1 201.6 16.7 263.0 30.3 9.12 
2117.1 28.2 237.3 100.2 424.6 3.8 8.41 
2117.8 20.9 193.5 62.7 408.1 1.8 9.26 
2117.85 27.9 264.2 35.5 483.1 12.9 9.47 
2118 28.7 249.2 86.2 432.3 3.2 8.68 
2118.05 17.9 172.3 12.9 292.9 33.2 9.65 
2118.45 12.1 131.1 7.4 226.2 36.0 10.87 
2118.5 29.2 274.9 34.1 549.8 3.7 9.40 
2118.7 20.0 183.2 52.8 426.0 6.3 9.17 
2119.15 12.4 120.0 5.1 195.5 42.6 9.71 
2119.15 23.3 187.5 16.2 410.7 7.4 8.03 
2119.75 24.4 228.9 60.7 396.3 3.0 9.40 
2120 37.7 353.3 34.4 501.7 9.7 9.38 
2120.7 25.5 241.1 40.2 400.2 24.6 9.47 
2120.9 7.3 97.4 6.6 349.9 4.8 13.37 
2121.1 24.8 228.3 56.4 438.2 7.8 9.22 
2121.2 11.9 130.4 7.6 359.1 32.5 11.00 
2121.7 27.3 252.2 52.9 711.7 9.3 9.24 
2122.75 4.5 53.4 5.0 326.9 20.0 11.75 
2123.5 18.6 151.8 21.8 371.7 48.5 8.18 
2123.5 29.2 143.0 82.4 465.8 8.5 4.89 
2124 14.2 128.4 16.4 392.4 35.2 9.05 
2125.4 525.6 1711.2 219.8 765.4 11.3 3.26 
2125.7 16.8 137.2 13.6 296.5 79.3 8.15 
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Well 204/19-7 
Sample Nb Zr Y Sr Rb Zr/Nb 
2540 7.9 163.3 10.4 285.4 54.2 20.68 
2540.5 6.2 151.7 8.0 307.1 44.7 24.58 
2540.8 1.9 93.3 2.7 265.4 24.3 48.93 
2541 16.7 332.9 18.5 169.4 72.3 19.89 
2541.3 12.3 200.6 24.4 185.6 62.3 16.36 
2542.3 15.4 228.6 19.0 239.8 63.6 14.83 
2542.4 14.0 242.0 25.4 208.8 56.5 17.29 
2542.85 15.9 227.8 23.5 247.6 49.4 14.31 
2543 14.6 216.3 28.5 213.6 70.9 14.81 
2543.6 9.3 100.0 37.5 240.5 9.0 10.73 
2544 13.6 180.2 30.3 240.3 49.6 13.27 
2544 12.1 220.8 18.5 194.4 64.0 18.30 
2544.8 12.6 171.2 27.4 205.3 47.5 13.62 
2544.8 12.8 165.7 29.6 191.2 51.7 12.97 
2540 10.1 216.0 12.6 153.2 62.4 21.32 
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Well 204/22-2 
Sample Nb Zr Y Sr Rb Zr/Nb 
3704.2 12.7 494.2 17.9 195.3 33.6 39.00 
3704.75 14.3 214.3 21.9 214.1 54.9 14.99 
3705.25 10.5 168.4 33.0 225.7 33.4 15.98 
3705.45 18.8 142.9 19.8 243.8 92.8 7.61 
3705.7 20.3 157.3 20.3 258.1 91.3 7.75 
3707.75 12.5 251.3 17.0 211.4 52.1 20.16 
3708.05 9.6 172.0 15.1 197.8 44.1 17.87 
3708.65 10.0 274.7 12.8 197.5 40.3 27.39 
3708.7 10.3 186.1 11.5 201.8 48.4 18.01 
3708.8 19.5 196.9 15.4 266.2 83.8 10.11 
3709 11.2 271.1 21.9 224.4 43.8 24.10 
3709.2 16.3 227.4 17.4 260.5 68.0 13.93 
3709.45 15.6 338.4 18.4 234.9 60.0 21.67 
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Well 204/19-3A 
Sample Nb Zr Y Sr Rb Zr/Nb 
1974 6.4 112.3 20.6 130.4 29.0 17.66 
1975.5 5.0 82.9 23.3 102.9 11.3 16.43 
1976 7.9 197.5 14.1 150.2 38.9 25.07 
1978.35 11.7 187.4 22.2 146.0 51.7 16.00 
1980.85 102.4 554.0 61.7 122.2 39.7 5.41 
1980.9 75.1 269.3 36.9 117.8 34.1 3.59 
1984 8.2 137.1 22.3 148.2 38.4 16.77 
1985.45 5.9 145.8 25.8 148.8 23.5 24.90 
1986 10.1 137.1 16.5 109.7 72.0 13.58 
1986 5.7 219.5 16.1 171.9 22.8 38.82 
1988 4.0 134.3 24.7 143.3 16.1 33.27 
1989.3 3.6 102.3 21.8 226.2 18.8 28.17 
1989.7 9.3 148.4 20.0 123.5 53.8 15.98 
1989.7 9.3 140.3 22.6 140.3 40.6 15.10 
1990 5.4 119.8 25.4 147.1 19.2 22.40 
1991 4.5 88.5 19.9 105.3 13.4 19.49 
1991.3 3.9 86.4 20.3 112.7 10.8 21.94 
1991.6 6.2 182.9 21.8 156.7 26.6 29.70 
1994 4.9 140.0 26.4 124.3 22.6 28.30 
1994.6 7.4 159.2 14.8 128.7 35.1 21.60 
1995 7.2 133.0 14.4 134.9 34.4 18.55 
1995.1 6.9 153.0 19.7 138.0 36.2 22.29 
1995.4 4.5 155.0 23.0 163.6 29.9 34.14 
1995.8 9.7 224.9 14.9 146.9 52.9 23.20 
1996.3 7.6 170.8 23.0 365.8 40.1 22.56 
1996.4 5.7 114.3 15.2 312.1 21.9 20.23 
1996.7 5.4 306.5 17.3 157.0 32.2 57.28 
1996.7 7.4 160.8 16.4 168.6 31.7 21.82 
1999.5 7.1 230.5 24.3 239.7 36.6 32.62 




Sample Nb Zr Y Sr Rb Zr/Nb 
1980.1 14.3 220.2 17.4 179.9 82.2 15.35 
1980.6 14.3 235.6 16.3 174.8 81.0 16.43 
1982.5 17.5 185.3 19.5 209.5 85.8 10.60 
1986 13.7 171.1 20.5 233.3 68.6 12.46 
1986.3 15.4 189.1 22.5 191.2 80.2 12.32 
1989.5 9.2 123.9 78.6 268.9 13.1 13.48 
1991.3 12.5 166.4 21.2 208.9 63.0 13.29 
1993.4 15.5 196.4 24.6 317.1 64.7 12.71 
1993.9 13.2 159.0 17.7 269.2 65.7 12.02 
1994.4 13.2 187.6 21.0 339.8 57,7 14.18 
1994.8 14.6 194.2 20.8 269.8 76.0 13.26 
1995.45 16.4 209.2 23.5 256.7 72.9 12.78 
1997.8 12.9 174.9 22.4 242.9 62.3 13.53 
1998.7 10.4 80.8 87.3 708.1 36.4 7.76 
1999.4 21.2 184.6 19.7 164.2 82.9 8.70 
1999.5 21.2 217.7 75.2 327.3 15.2 10.26 
1999.8 12.9 219.6 19.4 214.9 73.7 16.98 
2000.5 13.0 151.2 40.4 237.0 31.8 11.60 
2000.8 12.7 194.5 23.3 238.6 47.7 15.29 
2001 14.0 216.0 21.0 233.5 61.8 15.38 
2001.3 11.9 173.8 19.0 201.0 71.1 14.58 
2002.3 12.7 170.9 20.6 226.8 55.7 13.43 
2002.9 17.1 180.0 60.7 595.8 5.9 10.54 
2003.5 26.8 283.9 50.0 303.2 11.3 10.60 
2003.6 12.5 220.0 19.4 204.1 75.0 17.56 
279 Appendix C2. Geochemical Data 
sample 	material 
18 
lab no. 	6 
1_ 




L-- 4.1  
un Ich 
BM67 un Ich L 	5580 3 
